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ABSTRACT
NMR is well known for its strong ability to detect the structure of chemicals and
has been widely used in many science and engineering areas. As a useful analysis tool,
NMR has been combined with nanoparticle to reveal many important factors related to
nanoparticle applications. NMR techniques have been used for protein-nanoparticle
interaction measurement, nanoparticle size measurement. Nanoparticle, on the other hand,
can also improve the development of NMR technology. At present, there are still many
open questions stayed in NMR working in nanoparticle research areas and need further
studies.
In this dissertation, the thesis stated here will focus on two main objectives. The
first one is to combine an advanced NMR technology with polystyrene nanoparticle to
make a nanoparticle-based novel polarizing agent, which will enhance the intensity of
NMR signals. Dynamic nuclear polarization is one of NMR-related technology which can
transfer huge electron polarization to coupled sample nuclei and thus increase the NMR
signal intensity. The selection of polarizing agent is a key factor in a successful DNP
experiment. Based on free radical α, γ-Bisdiphenylene-β-phenylallyl (BDPA) and
polystyrene nanoparticle, we have made an inexpensive polarizing agent in experiments
that can be used in water-soluble analytes.
The second part of this thesis interests in the surface interaction of small molecules
with polystyrene nanoparticle via noncovalent binding. 1H NMR and saturation transfer
difference NMR have been used for the detection of nanoparticle-molecules interaction at
an atomic level. As one of NMR technology, saturation transfer difference NMR relies on
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the selective saturation onto receptor protons by irradiating the certain spectral region of
receptor protons which is also far from ligand protons signal region. Due to the spin
diffusion, saturation will quickly spread across the entire receptor. If ligand molecules bind
to the surface of receptor, saturation will also spread onto the ligand molecules, which can
attenuate the ligand signal intensity and display in saturation transfer difference spectrum.
Briefly, only signals from interacted ligand will be observed after the experiment. In this
part, interacted molecular structure from amino acids will be evaluated when binding with
polystyrene nanoparticle surface, the binding of more complicated infrared dye molecules
IR-783 will also under discussion.
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CHAPTER ONE

I. NMR AND THEIR APPLICATIONS IN NANOPARTICLES
1.1 NMR and its basic concepts
1.1.1 NMR background
Nuclear magnetic resonance (NMR) is the phenomenon in which describes the
nuclei under the addition of external magnetic field can produce electromagnetic signals
due to the weak oscillating magnetic field perturbation. This phenomenon will happen
when the oscillation frequency is corresponding to nuclei intrinsic frequency. NMR
spectroscopy is one of the spectroscopies that use NMR phenomenon to study the chemical
and physical properties of chemical components. Starting from its discovery by F. Bloch
and E. M. Purcell

(1), (2)

organic chemistry

(3)

, NMR has expanded its applications in many areas ranging from

, material science

(4)

, to biological and medicinal research

(5)

. The

reason why NMR is pervasive in modern science area is because NMR can obtain the
structure and dynamic information of molecules at an atomic level. One-dimensional NMR
spectroscopy has been widely used for small molecular structure elucidation. Twodimensional NMR can be used for the structure studies of more complicated molecules
such as polysaccharide (6), proteins (7), (8) and DNA (9). This makes NMR a strong competitor
to X-Ray due to its protein structure determination ability. Time domain NMR has been
used for reaction dynamics and kinetic equilibrium measurement within the sample
solution (10), (11). Solid state NMR provides a molecular structure detection method for solid
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state samples

(12), (13), (14)

. Magnetic Resonance Imaging (MRI) which is based on NMR

phenomenon, is well known in clinical diagnostic field, and is used for imaging most of
organs in the human body (15), (16). Here, some basic principles behind NMR spectroscopy
will be introduced for a better understanding of the following thesis contents.

1.1.2 Nuclear spin

The emerge of NMR comes from the nuclear properties, the main nuclear property
that is related to NMR phenomenon is nuclear angular momentum spin quantum number I,
which is the “spin” number of certain nucleus. The value of I will depend on the type of
interested nucleus, especially its proton number and neutron number. If both proton and
neutron numbers are even, then I=0, the nucleus has no spin and no magnetic moment, and
then no NMR suitable properties. If proton and neutron numbers are odd and even or even
and odd, then I is in half-integer in between 1/2 to 9/2, such as 1/2, 3/2, 5/2 and so on. If
both proton and neutron numbers are odd, then I has integer value I > 0. For I > 0
circumstance, nucleus has spin and angular momentum P which is suitable for NMR
observation. Nucleus has spin I=1/2 is an especially fit to NMR observation and most of
NMR experiments are done based on these isotopes. Below is the table 1.1 for several
common-used nuclei in NMR and their spin quantum numbers I.

Table 1.1: Some examples of nuclei with their spin quantum numbers.

2

I

Nuclei

0

12
2

1

C,16O

1/2

H, 6Li, 14N

3/2

10

3

I

B

Nuclei
1

H, 13C, 15N, 19F, 29Si, 31P

7

Li, 11B, 23Na, 35Cl, 37Cl
17

5/2

O, 27Al

For nucleus whose I is larger than 0, their angular momentum P has direction of
spin axis, and has value as:
𝑃 = √𝐼(𝐼 + 1) ×

ℎ
2𝜋

(1.1)

For I >0 nucleus, they also have magnetic moment µ, the ratio of µ and P is the
gyromagnetic ratio γ of nucleus, and γ is the nuclear intrinsic parameter that matters in
NMR (17).
𝛾=

µ
𝑃

(1.2)

The spinning of nucleus represents the total angular momentum of this nucleus.
Although the nucleus is composed of neutrons and protons, but it can be considered as a
single object which has intrinsic angular momentum. When attributing the spin of the
nucleus as an intrinsic value, nuclear spinning has magnetization and will spin towards
direction randomly. when apply external magnetic field (B0) onto the nucleus, previous
nucleus spin at any possible directions will be arranged, it will move itself around the field
as a cone, either align or against the applied magnetic field, which is called as precession.
Based on the magnetic quantum number m, the orientation of nuclear spin in the magnetic
field will be determined by m since it has 2I+1 orientation. For example, for a type of
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nucleus which has I =1/2, there are 2×1/2+1=2 allowed orientations in the applied magnetic
field, one with m= +1/2, the other one with m= -1/2. The lower energy state with m= +1/2
has nuclear spin direction along with the external magnetic field, the higher energy state
with m= -1/2 has opposite spinning directions to the applied field. As shown in Figure 1.1.

Figure 1.1: Schematic diagram of energy splitting into lower energy state and higher energy
state under external magnetic field B0. State α has m= +1/2, nuclear spinning aligns with
the direction of applied magnetic field, State β has m= -1/2, nuclear spinning against the
direction of applied magnetic field. The energy difference within two states is ΔE. The
population of nuclei listed in two states are not proportional to real distribution.

1.1.3 Energy level spin distribution

The nuclei will precess alongside the direction of magnetic field B0 at their Larmor
precession frequency ν0. Larmor frequency is determined by the external factors, which is
the strength of external magnetic field B0, and it’s also related to intrinsic factor which is
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the gyromagnetic ratio γ of certain nucleus. The value of ν0 can be expressed as:
𝛾𝐵0
2𝜋

ν0 =

(1.3)

The energy difference ΔE between two energy state equals to hν0, so the equation
to describe ΔE is:
∆𝐸 =

ℎ𝛾𝐵0
2𝜋

(1.4)

Where h is the Plank’s constant. Once applied radiofrequency at appropriate
Larmor frequency, the transition between lower energy state and higher energy state will
begin under external magnetic field. The nucleus from lower state will jump to the higher
state and form NMR phenomenon.
The population of nuclear spins in two energy states are thermally populated, which
will be determined by Boltzmann distribution:
ℎ𝛾𝐵0
∆𝐸
𝑁𝛼
= 𝑒 𝑘𝑇 = 𝑒 2𝜋𝑘𝑇
𝑁𝛽

(1.5)

Where Nα is the spin population distributed in lower energy state with m= +1/2, Nβ
is the spin population stayed in higher energy state with m= -1/2, k is the Boltzmann
constant and T is applied temperature during the experiment. For 1H nuclei in 500MHz
magnetic field, the Nα / Nβ value is only around 1.000085. When compare with IR or UV
spectroscopy, the population difference between two states is very small, which is the main
reason that makes the inherently insensitivity of NMR signals. From equation 1.5, the
enhancement of NMR signals can be achieved by either increase the strength of applied
magnetic field or cool down the experimental temperature. Both will raise the spin
distribution difference between lower state and higher energy state, and thus increase the
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spin population differences within two states. NMR signal sensitivity can also be enhanced
by an updated NMR technique called dynamic nuclear polarization (DNP), which can
transfer larger electron polarization to coupled sample nuclei. The detailed introduction of
DNP theory can be found in chapter 2.

1.1.4 Chemical shift

Based on equation 1.3, the Larmor frequency of nucleus can only be determined by
its γ and B0. If two of the same type of nucleus are in the same external magnetic field, they
should have NMR signals in same frequency, which is meaningless for determining
information about the chemical environment. Since electron circulation around the nucleus
creates a local weaker magnetic field, which will shield the nucleus from the external field
B0, nuclei at different chemical environment will be shielded differently. Thus, NMR
signals will show chemical shift for nuclei at different local chemical environment.

6

Figure 1.2: Under an external magnetic field B0, electron circulation around a nucleus
induce the electron currents. These electron currents then produce a much smaller magnetic
field opposed to the applied magnetic field B0 that will partially change the local magnetic
field.

1.2 Nanoparticle applications in drug delivery

Nanotechnology is the study which focus on the control and applications of
nanoscale things such as atoms and molecules. It can be used across many science and
engineering areas

(18)-(20)

. As a branch of mixed medicine and nanotechnology,

nanomedicines use nanoscale materials and knowledge from nanotechnology for disease
treatment. Nanotechnologies has been applied to novel nanomedicine for a long time
because of its significant potential in clinical diagnosis, human disease treatment and
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management

(21), (22)

. Nanomedicine, as a good option operating in drug delivery

(23), (24)

,

tissue regeneration (25) and imaging (26), has attract attentions among researchers all around
the world. Nanoparticle (NP) is a type of particle which has diameter ranging from 1nm to
100-nm. Due to its small size and special physiochemical properties, NPs can be used to
conjugate with drugs in drug delivery process so that improve the current clinical treatment
(27)

.
There are many advantages for using NPs in drug delivery system. First, NPs can

increase the drug stabilities in drug delivery process

(28)

. They are helpful in reducing the

drug degradation and to maximize the drug action in human body (29). They can also work
as carriers to increase the length of drug half-life by reducing the outside interference (30).
NPS are also a good option to improve the drug solubility, especially for parenteral drug.
Second, NPs can be used to control the drug release rate (31). Drugs from NPs can follow a
zero-order release kinetics and will be easier to maintain a constant rate for therapeutic
dose. Third, the targeting of drug delivery will be improved by using NPs during the
process (32). With the help of NPs, drugs will be delivered to targeting sites in cells or tumors.
Therefore, the concentration of drug in desired sites will be higher, and the concentration
of drug in undesired place, such as healthy tissues, will be lower, which will make the
treatment of drug more effectively and decrease the risk of side effect due to the toxic
stayed in healthy tissues

(33)

. The last but not least, previous researches have shown that

NPs in drug delivery can be used to help drug stayed in blood vessel go across the barrier
in human bodies such as blood-brain barrier and blood-cochlear barrier (34)-(36).
Based on the formation of nanocarriers, NPs used in drug delivery can be divided
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into several species, such as polymer NPs which made by small organic molecules, gold
NPs which consist of gold atoms, solid lipid NPs which can be formed from human lipids
such as fatty acids, glycerides and waxes. Here some representative examples of such NPs
will be introduced.

1.2.1 Polymeric NPs

Polymer based NPs has been investigated as drug carrier for several years. These
types of NPs are usually made by biodegradable monomers which comes from
biocompatible organic molecules, and always have similar structures as polymeric
backbones. There are mainly two ways for the drug loading in polymeric NPs. The first
one is the physical adsorption, polymer which forms nanoscale entrapment such as capsules
and cages, and this structure can catch the drug molecules inside (37). The second way for
polymeric NPs drug loading is through chemical linking. Drug molecules can interact with
the backbone of polymers through several types of chemical bonds, such as ester and amide
bonds that can be hydrolyzed

(38), (39)

. There are also some complex situations in drug

loading in polymeric NPs. For example, some of NPs can use polar groups inside the
polymers to make hydrophilic or hydrophobic area in which will attract drugs to attach
onto the surface of NPs (40).
The most famous and widely used polymeric NPs are polyethylene glycol (PEG),
polylactide (PLA) and poly(D,L-lactide-co-glycolide) (PLGA)

(41), (42), (43)

. These three

polymers are biodegradable, biocompatible and are hydrolyzed in vivo, and have been
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under preclinical investigation for many years. Besides polymers with single monomers,
co-polymeric NPs have also been developed extensively. One example for the advantage
of using co-polymer NPs in drug delivery process is about current paclitaxel formulations
(44)

. Paclitaxel is an anti-cancer chemotherapy drug which has been used for the breast

cancer therapy. It will combine with the organic solvent Cremophor EL during the
treatment. Some patients who are hypersensitive to Cremophor EL solvent will not
appropriate to use paclitaxel. When combining PEGylated PLGA co-polymer NPs into this
drug, NPs presented 70% encapsulation efficiency of paclitaxel and showed similar
apoptotic cell death in HeLa cancer cell when comparing with Taxol

(44)

. The most

important thing is, PEGylated PLGA co-polymer provide a carry way for paclitaxel without
the addition of Cremophor EL, this will give people who are used to sensitive to Cremophor
EL an alternative treatment.

1.2.2 Lipid NPs

Lipid NPs have been detected for the delivery of anticancer drugs

(45)

due to their

biodegradable, biocompatible and low toxic to human bodies. The lipophilic matrix in lipid
NPs can pack various anticancer drugs into inside and release subsequently. For example,
studies of lipid NPs benefits in doxorubicin delivery have been done in colon cancer cells
(46)

. Comparing the results from doxorubicin-loaded lipid NPs sample and doxorubicin

alone sample, cell survival percentage from drug with NPs sample is lower than drug only
sample, and much lower than NPs without drug samples. NPs without doxorubicin sample

10

also showed no toxic and thus can be considered as a safe carrier for drug delivery.

1.2.3 Gold NPs

Gold NPs is another widely used nanosized carrier in drug delivery

(47)

. The

formation of gold NP can be a core of gold atoms as well as additional functional groups
which containing thiol group to form a monolayer on the surface of NPs. Gold NPs
modification can be done with different functional groups, so that will have different results
in drug delivery, stability and targeting

(48)

. Furthermore, gold NPs have been confirmed

their non-toxic property. In one of study using gold NPs as imaging agent in mice, no
evidence has collected to show the toxic of gold NPs for more than a month (49). Gold NPs
have a potential in drug delivery system, some of studies about DNA delivery by using
gold NPs have been done and can be used for imaging, gene delivery and therapy (50).
In summary, NPs have big potential in drug delivery and human treatment due to
their advantages in stability improving, higher solubility, active targeting and sustained
releasing in target area. Properties such as biodegradable and low toxic make NPs drug
delivery a good option in cancer treatment. However, the full potential of nanocarrier based
drug delivery still need further studies and evaluation. Due to the lack of full knowledge in
drug loading mechanism, drug-NPs binding and in vivo studies, more investigations about
NPs in drug delivery need to make before moving to phase I trials and further human
treatment. Since the binding properties of drugs with NPs and the surface interaction of
NPs are very important subjects in NPs drug delivery process, this thesis will focus on
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these certain issues. The interaction between NPs and drug-sized small molecules will be
investigated in Chapter 3 and 4. By using NMR techniques including proton solution state
NMR and saturation transfer difference (STD)-NMR, the interaction which happened on
the surface of organic polystyrene (PS) NPs has been studied.

1.3 NMR used in NPs
NMR is the most useful analysis technique to elucidate the chemical structures of
compounds ranging from single small molecules to large size proteins. It has been widely
used in the elucidation of complex chemical structures, and it’s also a very sensitive tool
for the characterization of molecular motions in liquid state. However, due to the large size
of NPs, slow tumbling of NP causes the NP peak line-broadening in NMR spectrum. NMR
peaks from large size molecules such as NPs will not be observed easily or even
disappeared. Therefore, traditional NP analysis instruments such as Scanning Electron
Microscope (SEM), Transmission Electron Microscopy (TEM), Dynamic Light Scattering
(DLS), X-ray spectroscopy, fluorescence spectroscopy usually play a more important role
in NP detection field, previous NMR techniques haven’t been applied widely on NP
analysis.
However, with the development of NMR science and technology, as well as the
deeper studies among NMR application in nanoscale materials. NMR has been utilized
onto different investigation aspect on NPs. One of the most attractive field of NMR
application in NP is the binding affinities detection of molecules that interact with the
surface of NP (51). Many NMR technologies have been involved into binding detection on
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the NP surface such as solution state NMR
hydrogen/deuterium exchange experiments

(58)

(52)-(54)

, solid state NMR

and two-dimensional NMR

(55)-(57)

,

(59), (60)

.

Recently, our researches also showed that STD-NMR can be an effective method for the
investigation of NP interact with small molecules (61). In addition to the indirect observation
of NPs through interacted molecules, NMR can also provide direct parameters about NP
such as particle size measurement. NMR technology such as diffusion ordered
spectroscopy (DOSY) can provide the basic size property of NP directly through the
calculation from diffusion coefficient of NPs (62), (63). Unlike DLS or EM, DOSY can also
provide extra information about chemical resolution. Since binding happened on the
surface and particle size will significantly affect the basic properties of NPs, it’s worth
introducing how NMR techniques improved the NP investigation among these two aspects.
Here, NMR used onto the NP surface interactions, as well as NMR applied on NP size
measurement will be discussed in below separately.
1.3.1 NMR in NP surface interaction
Once molecules interact with NP surface, these interactions will change the NP
surface properties and thus affect the stability and biological identity of NP in biological
experiments. Moreover, when large biomolecules like proteins interact with the surface of
NP, previous native protein structure may change and may affect the function of proteins.
This protein conformational change will expose or hide epitopes on proteins and may
change the biological signals (64). Nowadays, there are several analytical methods employed
onto NP surface interaction measurement such as Fourier-Transform Infrared spectroscopy
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(FT-IR), Atomic force microscopy (AFM), crystallography, fluorescence spectroscopy and
circular dichroism (CD) (65), (66). NMR, as the most useful instrument for chemical structure
elucidation, can also provide high resolution measurement on NP surface interaction, and
give a better understanding of the novel interacted complexes in an atomic level.
When ligand molecules attached onto the NP surface, information such as the
structure of bound ligands and local chemical environment change attracts researchers and
need further study. NMR spectroscopy is a good analytical tool for these observations. For
example, Zhou et al. (50) has used high resolution magic angle spinning (HRMAS) 1H NMR
to show the ligand structures on the surface of gold nanoparticles. From their studies,
distance between the surface of gold NP and protons in the ligand molecule significantly
affect the detection sensitivity, protons closer to the NP surface have less signal sensitivity
when compare with farther protons. They also demonstrate the π-π stacking from aromatic
ligands which present on the gold NP surface.
One experiment of protein attached onto the surface of NP was done by Hellstrand
et al.

(67)

They have utilized 1H and TOCSY NMR to provide the interaction between

NIPAM/BAM copolymer nanoparticles and proteins in human plasma such as cholesterol,
triglycerides and phospholipids, and that the interaction reaches saturation. From the
spectra they observed, triglycerides show double quartet of peaks from the outer four
hydrogen protons in its glycerol part. Cholesterols show signal at 0.68 ppm, methyl group
within between the hexagonal and pentagonal carbon rings in cholesterol has also been
presented.
Another example about protein-NP interaction was presented by Calzolai et al.(51)
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They have exploited the interaction of the protein ubiquitin with gold NPs by using two
dimensional 1H-15N-HSQC NMR experiments. HSQC NMR compare the spectra from
ubiquitin with gold NP sample and NP alone sample, chemical shift changes in some of
NH peaks has been observed. Since amino acids are the building blocks of proteins, and
by looking at the NH group peaks from backbones of each amino acids, they confirmed
that there is direct interaction on ubiquitin and gold NPs. Due to the fact that only some
NH peaks showed chemical shift change in HSQC spectrum and the left majority kept the
same, they also indicate that the interaction presented within ubiquitin and gold NP is
specific and only a few amino acids from protein can be bound to gold NP surface. This
two-dimensional HSQC NMR technology can also apply to other protein-NP interaction
systems only if the protein molecular weight is smaller than 50-60 kDa.

1.3.2 NMR in NP size measurement (DOSY)
As a basic and important property of NP, the size of particle will affect their function.
In NP drug delivery process, transmission methods will be determined by loaded particle
size. DOSY NMR, as an NMR technique based on particle diffusion measurement, play an
important role in particle size determination. Furthermore, DOSY NMR can also provide
information about chemical resolution, which is an extra benefit when compare with other
particle size measurement techniques such EM and DLS.
The mechanism of DOSY is based on pulsed-field gradient (PFG) which related to
nuclear Larmor frequency under the applied magnetic field. When applying magnetic field
gradient pulses, the position of molecular spins can be labeled. If the molecular spins do
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not change their positions during the diffusion measurements, the PFG signal will be
completely refocused, and will keep its maximum signal intensity. However, if the
molecular spins change their positions during the experiment, the measured signal will not
be fully refocused and loses part of its signal intensity. The resulting signal intensity
attenuation will give information about molecular diffusion measurement (68).
DOSY is a technique that can obtain diffusion coefficients from well dispersed
chemical molecules in sample solution and follow the Brownian motion during the
experiment. The particle size can then be calculated from the Stokes-Einstein equation
listed in below:
D=

𝑘𝐵 𝑇
𝑐𝜋𝜂𝑟𝐻

(1.6)

Where D is the diffusion coefficient of a certain molecule in m2/s, kB is Boltzmann’s
constant, T is absolute temperature in Kelvin, c is a parameter decided by the molecule’s
hydrodynamic radius rH, and η is the viscosity of the solvent. From the Stokes-Einstein
equation, an estimate of molecular sizes can be obtained from the diffusion coefficient by
assuming that all of the components are spherical (69).
Murray et al. reported their research about using 1H DOSY to detect the partial size
of Au colloids, and then they extended 1H DOSY experiments for the size study of Gold
NPs ranging from 1.5nm to 5.2 nm (70), (71). Canzi et al. (63) has used DOSY to measure the
NP size in deuterated organic solvents and compared with size measurement results from
TEM. Both results showed similar diameter of gold NP from 2 nm to 5nm. Megyes et al.
(72)

calculated the molecular hydrodynamic radii in supramolecular assemblies in solution

by using the measured diffusion constants observed from DOSY experiments, which
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confirmed the size of molecular assemblies obtained from X-Ray results.
Overall, NMR techniques has been widely combined with NP. They are useful
analysis tools and revealed many important factors related to NP applications. They have
been used for protein-NP interaction measurement, NP size determination. And NP, on the
other hand, can also improve the development of NMR technology. At present, there are
still many open questions stayed in NMR and NP research areas and need further studies.
This is also the sprout reason of this thesis.

1.4 In this thesis
The overall goal of this thesis is to use NMR spectroscopy as an effective analytical
tool for the open issues related to NPs. The projects stated here are focus on two main
objectives. The first one is to combine DNP technology with PS NP to make a NP-based
novel polarizing agent. DNP is an advanced NMR technology which can transfer huge
electron polarization to coupled sample nuclei and thus enhance the intensity of NMR
signals. The selection of polarizing agent is a key factor in a successful DNP experiment.
Our goal here is to make an inexpensive polarizing agent in DNP experiments that can be
used in water-soluble analytes. Since DNP has been applied to enhance the surface group
signals in microporous structures

(73)

, this DNP technique combining with NP based

polarizing agent may also provide a potential method to study the structure of surface
groups on PS NPs. The second part of this thesis interests in the surface interaction of small
molecules with PS NPs via noncovalent binding. 1H NMR and STD NMR have been used
for the detection of NP-molecules interaction at an atomic level. As one of NMR
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technology, STD-NMR relies on the selective saturation onto receptor protons by
irradiating the certain spectral region of receptor protons which is also far from ligand
protons signal region. Due to the spin diffusion, saturation will quickly spread across the
entire receptor. At this point, if ligand molecules bind to the surface of receptor, saturation
will also spread onto the ligand molecules, which can attenuate the ligand signal intensity.
Subtraction of this type of saturated spectrum from the reference spectrum without
saturation yields the STD spectrum, In STD spectrum, only binding ligands signals will be
observed. In the second part of thesis, small molecules such as amino acids will be
evaluated when binding with NP surface. More complex dye molecules like IR-783 will
also under discussion.
Chapter 2 reports a NP-based polarizing agent which can be used in DNP
experiments. Polarizing agents which have radicals will offer unpaired electrons and be
polarized in high magnetic field. To insure the proximity of electron with sample nuclei,
glassing solvent which can form glassy environment is also necessary. The free radical
BDPA (α, γ-Bisdiphenylene-β-phenylallyl) has been used as an effective polarizing agent
in DNP, but the low solubility in water also block the usage of BDPA in samples using
water solvent. Here we made a new way by incorporating BDPA into nanometer-size PS
latex beads, we have shown that the resulting BDPA-doped beads can be used to
hyperpolarize
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C and 7Li nuclei in water solution sample environments without the

addition of any auxiliary glassing solvent. This NP-based polarizing agent is an
inexpensive substantial replacement to the former expensive ox-063 radical and will be
useful in hyperpolarized NMR studies of water solution samples, especially biological
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samples which can only stay in an aqueous environment free from added glassing cosolvent.
Chapter 3 describes the interaction studies between carboxylate modified PS NPs
and amino acids by using proton NMR and STD NMR techniques. NMR is the most
powerful analysis instrument in chemical structure determination. Saturation Transfer
Difference (STD)-NMR is useful for detecting noncovalent binding between small
molecules and proteins. Beside well-known protein receptor, STD-NMR can also be used
to detect the binding epitope of small molecules that are adsorbed on the surface of NPs in
situ. In the present work, we examined the adsorption of 20 amino acids on the surface of
PS NPs using proton NMR and STD-NMR. We first compare the binding strength of
various amino acids, including amino acids with positively charged, negatively charged,
and neutral side chains, as well as short and long side chains. Second, we elucidate
molecular-level details about the structure of amino acids when interacting with PS NPs,
by comparing the STD effect on hydrogen atoms on different parts of the amino acid. This
work will be important in explaining interactions between NPs and small molecules such
as drugs, dyes or small size peptides.
Chapter 4 demonstrates the 1H and STD NMR investigation about binding process
of carboxylate-modified PS NPs with a more complex dye molecule, IR-783. STD NMR
has been widely used in binding detection among ligands with target proteins. In the
chapter 3, we have reported the application of STD NMR to a receptor with larger size,
carboxylate-modified PS NPs, and explored their binding ability with small molecules like
amino acids. STD NMR has the potential to become a novel and effective technology in
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NP binding detection, but due to the methods of STD which based on spin diffusion within
dipolar-coupled protons on the surface of receptors, and the complicated surface condition
of NP in various types and functionalization, the binding mechanism and STD feasibility
of NPs with small molecules still need further elucidation. IR-783 is a type of infrared dye
which has strong absorbance at 783nm and has longer chain structure that may has
conformational change during the interaction. The possible binding mechanism of IR-783
with PS NPs has been demonstrated from STD factors such as STD effect value and initial
slopes. We also focused on size-dependent PS NPs with diameter of 20-nm, 40-nm and
100-nm for the comparison of their binding affinities. The work presented here is a
continued detection of NP with small molecules interaction by using STD-NMR, and give
us useful information towards our next step, detecting the interaction procedure of NPs
with peptides.
Chapter 5 is the summary of this dissertation, and also presents some future
directions for NMR applications in NPs.
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CHAPTER TWO
II. DYNAMIC NUCLEAR POLARIZATION (DNP)-NMR: BDPA-DOPED
POLYSTYRENE NANOBEADS USED AS POLARIZING AGENTS

2.1 Introduction

Nuclear Magnetic Resonance (NMR) is well known

(1)

for its strong capacity to

detect the chemical structures of small molecules at very high accuracy. But due to the low
sensitivity of NMR signal and low signal to noise ratio of peaks from NMR spectra, the
drawback of NMR technology is also become obviously, especially for low concentration
sample that only contains very little analyte. This flaw is because of the inherently low
Boltzmann thermal polarization of the nuclei from the sample under study. Difference
number of spins aligned parallel or anti-parallel to the external magnetic field is determined
by the Boltzmann Distribution of nuclei. Huge difference can cause the larger distribution,
meanwhile, small difference directly results in a small polarization of the nuclear spins.
Therefore, Boltzmann thermal polarization have to be increased to obtain extensive signal
intensities in NMR experiments, which result in a sufficiently high signal-to-noise ratio so
that peak can be confirmed from copious noise.
Dynamic Nuclear Polarization NMR has been developed for nearly half century (2)(5)

within these years it gradually became a powerful and worldwide instrument to revise

the defect of original NMR and make NMR technology much more useful (6), particularly
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for sample which haven’t seen any peak before due to the low Boltzmann polarization (7).
Different from nuclei polarization, the Boltzmann polarization of the electron spin at the
same magnetic field and temperature is especially larger due to the much higher magnetic
moment of the electron spin. In a DNP experiment this large electron polarization of a
polarizing agent can be transferred to surrounding nuclei by adding microwave irradiation
at place near the electron paramagnetic resonance (EPR) transition

(6)

. Without DNP, the

sample is still in its thermal equilibrium state.
In brief, the process of DNP is to apply an external microwave irradiation slightly
off-resonance (as explained below) from the center of Electron Paramagnetic Resonance
(EPR) line to radicals, within the low temperature and magnetic field outside, unpaired
electron spins from radicals or from sample defect

(8)-(11)

which has high electron spin

polarizations can then be transferred to the nuclear spins of the sample (12) This principle is
based on an appropriate condition which involve suitable glassing solvent in sample in
order to disperse radicals within the sample and remain in close proximity to the nuclei to
be hyperpolarized.
Figure 2.1 shows four energy levels of an electron spin coupled with a nuclear spin.
In the transition process between energy levels, the highest energy level is electron spin up
with nuclear spin down, following by the second level as electron spin up with nuclear spin
up. Level three has electron spin down and nuclear spin up, electron spin down with nuclear
spin up is the lowest energy level four. The first and second level are quite close to each
other, and they both have giant gap with third and fourth levels. NMR signal can be
attributed to the transition between levels 1 and 2 or levels 3 and 4, which has the gap is
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actually nuclear Larmor frequency. EPR transition are between levels 1 and 3 or between
levels 2 and 4. These gaps are much larger than nuclear frequency

(13)

. In equilibrium

polarization situation, zero (Figure 2.1 yellow arrow) or double quantum transitions (Figure
2.1 green arrow) are mostly forbidden. However, since the 4 energy levels are not pure
states, consequently these transitions become partially allowed (14).

Figure 2.1: Energy level diagram for a single electron coupled to a nuclear spin in a strong
magnetic field. ωe is electron Larmor frequency, ωn is nuclear Larmor frequency.
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According to solid effect DNP mechanism, the transition can be achieved under
two irradiation frequencies. By using microwave irradiation at electron Larmor frequency
add nuclear Larmor frequency place, zero-quantum transition between first and fourth
energy level could be reached, this transition will cause a negative enhancement signal.
Under frequency has electron Larmor frequency minus nuclear Larmor frequency, the
transition within second and third level are being excited, which called double-quantum
transition and will get a positive enhancement factor in the spectrum (7), (15).

Figure 2.2: Transition between different energy levels form positive enhancement and
negative enhancement with using irradiate frequency equals electron Larmor frequency
plus or minus nuclear Larmor frequency.

Dissolution DNP requires the state of sample switch from solid so that can be
polarized in low temperature, to liquid which can stay in regular NMR tools. Frozen sample
is polarized in the solid state at cryogenic temperature for buildup, then quickly melted by
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adding hot dissolution solvent inside, meanwhile transferred through a thin plastic wire to
an original NMR tube stayed in conventional high-field NMR spectrometer or Magnetic
Resonance Imaging (MRI) scanner for peak observation at room temperature. Within
decades’ development

(6)

, Dissolution DNP has been used in many research areas and

plenty of analytes are tested their feasibility to run dissolution DNP

(16)

. The promising

prospect of DNP-enhanced NMR or MRI could be applied in several clinical fields such as
following blood flow (17), metabolism research (18) and so on, starting from the polarization
in low temperature with sample solution being frozen and become solid state, then insert
hot liquid quickly to melt the frozen sample, melting solution can then be injected to animal
or even human body to record liquid state NMR spectrum by using usual NMR
spectroscopy.
One of the most important portions of Dissolution DNP experiment is the selection
of glassing solvent. Without glassing solvent, regular solvents such as pure water will form
crystals, leading to serious phase separation between the radicals and the nuclei of interest
and lead to a consequent loss of DNP efficiency. But the limitation of glassing solvent is
also distinct, it’s difficult for researchers to find an appropriate glassing solvent which can
dissolve both the radical and analytes being tested all at once. Since nanobeads can disperse
in solvent steady, if radical can be added into nanobeads, glassing solvent do not need to
be considered, which significantly enlarge the scope of dissolution DNP application,
especially for clinical samples can only be kept in water solvent.
Nanoparticles is one of the promising materials in a wide range of pursuits based
on their many advantages. Nanomaterial such as nano-diamonds have already been
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detected by using regular NMR, DNP and EPR (19)-(23). To have a better understanding about
how well nanoparticles worked in DNP experiments, polystyrene nanobeads has been
chosen to prepare dissolution DNP samples. First of all, large amount of radical will not
only be inserted into nanobeads which can be homo-dispersed to the entire solution, but
also the amount of radical incorporated into the beads could potentially become tunable.
When comparing the polarization buildup times of analytes using nanobeads as polarizing
agents, polystyrene nanobeads have a much shorter buildup times than silicon
nanoparticles (24), significantly increase the efficiency of dissolution DNP test (10). The most
influential concern about using polystyrene nanobeads is to study the functional groups on
the surface of nanoparticles (25)-(29) since nanoparticle toxicity (30) is related to the functional
groups on the surface and a huge surface area to volume ratio in nanoparticles will make
the detection more precision.
Combining polystyrene nanobeads with α, γ-Bisdiphenylene-β-phenylallyl
(BDPA) radicals to make an efficient polarizing agent is a nice try since BDPA works as a
known DNP radical for years

(31)

, it is a radical that has good enhancement factor

(32)

can

be obtained from the sharp single signal peak from EPR spectrum. Affordable prices make
it much more popular among DNP scientists, some researchers regard it as a cost effective
radical when comparing with the ox-063 radical, which is another workable radical. Ox063 is very soluble in aqueous solution, it has narrow EPR linewidth that support solid
effect DNP and can polarize aqueous solution sample, but the disadvantage is the price of
ox-063 is expensive. BDPA, on the other hand, also has narrow EPR linewidth when
compare with 1H Larmor frequency, and relatively cheaper, but its flaw is insoluble in
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aqueous solution. This large aromatic molecule has been used to incorporate into thin films
of polystyrene/polycarbonate and used for the detection of thin films (19)-(22).

2.2 Materials and Methods

Carboxylate modified (CML) latex particles (4% w/v suspension in water, 27 nm
diameter) were purchased from Life Technologies. α, γ-Bisdiphenylene-β-phenylallyl
(BDPA) was purchased from DyNuPol, Inc (Newton, MA). 13C-urea (99 atom % 13C) was
purchased from Sigma. All other reagents and solvents were purchased from commercial
sources and used as received.
BDPA has been absorbed with CML nanoparticles to make HYPR-Beads by
following procedure

(33)

. First, 0.5 mL of beads suspension was mixed with 0.5 mL

methanol in a 1.5 mL Eppendorf tube, vortex for 15 seconds. Then 25 L of 38 mM BDPA
in toluene was added into methanol/beads suspension, mixing this BDPA in toluene
solution with the liquid stayed in Eppendorf tube by vortexing them for 30 seconds and
sonicating for 5minutes. The mixed solution was then stirred for 3-6 hours and has been
filtered with a 0.2 µm syringe filter after the stirring. The sample was dried overnight at
room temperature and in the end the whole volume for solution was 0.5 mL. All samples
were saved in refrigerator to keep fresh until the following preliminary test and DNP
experiments. At the same time, two types of control samples have been made for specific
use with BDPA only and nanobeads only. For BDPA only sample, instead of mixing
nanobeads suspension with methanol and then add BDPA with toluene solution inside, 0.5
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mL distilled water was used to replace nanobeads suspension to mix with 0.5 mL methanol
at first step, and mix with toluene solution which contained BDPA, and then following the
same protocol as usual. For nanobeads only sample, whole procedure was obeyed in
addition to add 25 µL toluene solvent without BDPA powder inside.
UV-Visible Spectroscopy were tested from an Agilent 8453 UV-Visible
Spectrophotometer in spectrum/peaks mode using ChemStation software version
B.04.01. 70 L samples were transferred from Eppendorf tube to a BrandTech ultra-micro
disposable spectrophometer cuvette (BrandTech Scientific, Inc., Essex, CT) with a path
length of 10 mm. Before each run of samples, a blank sample containing only the
appropriate solvent in the same cuvette with same 70 µL volume was used and subtracted
from all reported spectra.
Bruker EMX X-band spectrometer was used to measure the Electron paramagnetic
resonance (EPR) spectra. Samples were placed in standard 5 mm NMR glass tube for the
sample with toluene inside and in a special flat cell for aqueous samples. The magnetic
field was swept from 3384 G to 3584 G. A microwave power of 1.00 mW, modulation
amplitude of 3 G and modulation frequency of 100 KHz were tuned.
Transmission Electron Microscopy (TEM) was measured with a Hitachi H-9500
High-resolution Transmission Electron Microscope at 300 kV accelerating voltage.
Samples were prepared by placing one drop of sample which has 5 µL solution involved
on a carbon-coated 300-mesh copper grid (Electron Microscopy Sciences, Hatfield, PA)
and stay for at least 30 seconds. Excess sample solution was dipped out from the edge of
grid by using a kimwipe paper, and the sample was allowed to air dry for at least five
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minutes before inserting it in the specimen holder to make sure no stain was added. For
the commercial beads only sample, three or four drops nanobeads were added and wicked
dry in order to increase the amount of sample which can be left on the grid.
Dissolution DNP experiments used a commercial HyperSense polarizer (Oxford
Instruments, Tubney Woods, United Kingdom) which has microwave irradiation with
cryogenic environment inside, and was connected to a Varian Inova 500 MHz NMR
spectrometer besides. This polarizer with NMR was located at the Complex Carbohydrate
Research Center at the University of Georgia. To find the accurate irradiate frequency for
HYPR-Beads which has BDPA as radicals, the microwave sweep was first tested on a
sample of 13C-enriched urea mixed with 50 mM BDPA and dissolved in a 50:50 DMSO :
sulfolane

glassing solvent mixture using the internal coil of the HyperSense DNP

instrument. Figure 2.3 shows the sketch map of DNP process with using HYPR-beads as
polarizing agents. For each dissolution run, about 12 mg of 13C-urea or 6 mg of LiCl was
dissolved in 100 µL of either the aqueous HYPR-beads dispersion or a 60:40 mixture of
DMSO-d6 and the aqueous HYPR-beads. Each sample was then polarized for one hour at
1.4-1.6 K by using 100 mW microwave power. After 1 hour of polarization, the freezing
sample was quickly melted by addition of 4 mL of hot water and transferred to a Varian
INOVA 500 MHz NMR spectrometer with an 8 mm inverse-detection probe beside
HyperSense polarizer. The decay of polarization was chased by using a series of small tipangle pulses every second with a time period lasts for 200 seconds after the sample had
stayed in the NMR tube and settled well. To calculate the polarizing effect and obtain
enhancement factor of DNP tests, control experiments has been designed by using regular
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NMR spectra at thermal equilibrium situation. To ensure the similarity of two experiments,
regular NMR test also applied small tip-angle pulse as DNP did and need to wait for 10
minutes later to assure the hyperpolarization from DNP test has decayed to thermal
equilibrium. All spectra from DNP and NMR process were obtained from Varian VNMR
software, and followed by processing from self-written MATLAB scripts.

Figure 2.3: Sketch map of HYPR-Beads work in DNP process. With microwave irradiation
at appropriate frequency and low temperature, HYPR-Beads can be polarized and transfer
hyperpolarized magnetization to target nuclei nearby.

2.3 Results and Discussion

In Figure 2.4 are UV spectra with 4 lines inside by using 4 types of different
samples. The green line which has strong absorption signal at around 495nm corresponds
to HYPR-beads, this peak may from BDPA molecules instead of nanobeads since beads
only sample (black dashed line) has no signal showed out. Blue line which has a flat trend
shows that BDPA-only without beads sample also has no absorption peak. This is due to
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the low concentration of BDPA in 50:50 water/methanol solvent since BDPA has low
solubility in water and water/methanol mixture. If water was replaced by sulfolane as
shown in purple line, since BDPA can dissolved in sulfolane and has higher concentration
than in water, absorption peak can be seen from 495 nm, the same region as HYPR-Beads
sample spectrum.

Figure 2.4: UV-Vis Spectra of BDPA, HYPR-beads, and control samples without BDPA
and without beads. Solvent is 50:50 water: methanol unless otherwise noted. Reprinted
with permission from ref. 35. Copyright 2016 American Chemical Society.

EPR spectra of BDPA and HYPR-beads are shown in Figure 2.5. All spectra show
singlet peak centered at g ≈ 2.02, indicating the existence of unpaired electrons from BDPA
radicals in the HYPR-beads samples. Based on the signal intensities of the EPR peaks
from three different samples involving BDPA inside, the concentration of unpaired
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electrons can be estimated, which is 90 µM and 6 µM in the unfiltered and filtered beads
sample, respectively. Since filtering out the aggregated beads leads to a decrease of radical
concentration, this reduce shows that BDPA is actually incorporated into the beads and not
remaining in solution as free radicals.

Figure 2.5: EPR spectra of (a) 1mM BDPA dissolved in toluene, (b) HYPR-beads in water
before filtering, (c) HYPR-beads in water after filtering the sample through a 0.22 µm
filter.

To detect whether the process of DNP experiment will affect the morphology of
HYPR-beads or not, TEM has been used to test nanobeads before and after DNP
experiment as shown in Figure 2.6. TEM graphs from original beads as seen in Figure 2.6
(a) and from HYPR-beads in Figure 2.6 (b) indicate that when radicals were inserted into
nanobeads, those beads still kept sphere shape. Furthermore, when compare Figure 2.6 (c)
with (d) which represent beads after freezing and beads in glassing solvent after freezing
respectively, neither HYPR-beads in cryogenic environment from liquid helium nor
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combining them with glassing solvent such as DMSO damages the morphology of the
HYPR-beads, they still kept sphere shape as usual.

Figure 2.6: Transmission electron microscopy images of polystyrene beads with and
without BDPA. (a) Commercial beads as received (scale bar = 100 nm), (b) HYPR-beads
(scale bar = 50 nm), (c) HYPR-beads after freezing in liquid helium (scale bar = 50 nm),
(d) HYPR-beads that were mixed in a 60:40 ratio DMSO: aqueous beads sample, then
frozen in liquid helium (scale bar = 50 nm). Reprinted with permission from ref. 35.
Copyright 2016 American Chemical Society.
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Microwave sweep is the first step of Dissolution DNP experiment to find the
appropriate microwave irradiation frequency for BDPA radicals, two peak points from
microwave sweep curve are max values for microwave frequency. As seen in Figure 2.7,
the maximum DNP enhancements are found at 93.965GHz as low microwave frequency
and 94.060GHz as high microwave frequency. In Figure 2.8 (a) and (b) are two series of
13

C spectra obtained from series of small tip-angle pulses in NMR instrument after

polarization and dissolution from 4 mL heated H2O. We observe the 13C NMR signal of
13

C-labeled urea by using HYPR-beads as polarizing agent in 60:40 DMSO-d6: H2O mixed

solvent, one in low microwave frequency, and the other in high microwave frequency.
When using low irradiation frequency to polarize sample nuclei, series spectra gain the
highest signal intensity at approximately 20 seconds after measurement start, and then
slowly decay to thermal equilibrium value. Polarization at high microwave frequency also
shows very similar but negative intensity change and obtain highest negative signal
intensity at 20 seconds after the NMR spectra start to collect, then through zero and increase
to thermal equilibrium at the end. Comparing two spectra from Figure 2.8 (a) and (b) can
give us the strong evidence that signal enhancement is actually from DNP, because the
increase of intensity from

13

C-urea peak has positive signal enhancement from low

frequency and negative signal enhancement from high frequency.
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Figure 2.7: Microwave frequency sweep of BDPA in Hypersense DNP. Reprinted with
permission from ref. 35. Copyright 2016 American Chemical Society.
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Figure 2.8: Time series of 13C spectra with (a) lower microwave frequency and (b) higher
microwave frequency. (c) 3D stacked spectrum using low frequency. Reprinted with
permission from ref. 35. Copyright 2016 American Chemical Society.

If we plot the time series of 13C NMR spectra as a 3D stacked plot, it’s very clear
to see at the beginning of first 20 seconds, the peak is short but also broad, so hard to tell
the integrated intensity directly from the height of each peak.

Figure 2.9: Peak integral with time lasting in two DNP experiments with lower and higher
microwave frequency. Reprinted with permission from ref. 35. Copyright 2016 American
Chemical Society.
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Figure 2.9 shows the time series of integrated intensity of the absolute value of the
13

C-urea carbon peak in the two frequencies. From this figure, even though signals within

the first 20 seconds have relatively lower height, they have a broad shape, so the highest
enhancement factor still has been achieved at the first spectrum, and an exponentially decay
trend of signal intensity has also been recorded with time passed by.
HYPR-beads which contain BDPA as polarizing agent to polarize sample nuclei
nearby, are designed to polarize sample nuclei without the addition of glassing solvent such
as DMSO-H2O or glycerol. To detect the ability of how HYPR-beads work in pure water
solvent is vital important, and several experiments have been planned about sample
dissolved in water only with HYPR-beads inside and results of polarizing effect from DNP
were obtained, some representative results are shown in Figure 2.10.
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Figure 2.10: (a)

13

C-urea with HYPR-beads in water only, (b) 7Li in LiCl with HYPR-

beads in water only, (c)

13

C-urea with the same concentration of BDPA but without

Polystyrene beads in water only. Reprinted with permission from ref. 35. Copyright 2016
American Chemical Society.

As shown in Figure 2.10 (a), the enhancement factor for polarizing

13

C-urea in

water alone using HYPR-beads is 112, similar control experiment with glassing solvent
DMSO-H2O has also been done and the enhancement achieved from control sample is
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around 20 to 22. Compare with control sample, this huge enhancement factor is due to the
absence of glassing solvent. With the addition of DMSO, BDPA in 13C-urea sample has
been diluted and made BDPA concentration lower than without DMSO sample. Figure
2.10 (c) has shown a control dissolution test with radical BDPA inside without nanobeads,
this non-HYPR beads sample also got signal enhancement factor of 5 when comparing
with sample at thermal equilibrium situation, this 5 time enhancement of BDPA alone
sample could be attributed to the thermal polarization difference between the sample
temperature at 1.54K and at room temperature. Whether HYPR-beads could be used to
polarize other water-soluble samples as well as and nuclei other than

13

C is also under

consideration. For this we dissolved LiCl in the water to make aqueous sample of HYPRbeads and observed the enhancement signal of the 7Li nucleus. As can be seen in Figure
2.10(b), an enhancement factor of 21 was seen for this nucleus as well. Li is an important
element in clinical research area, usage involves such as the potential useful treatment for
bipolar disorder, or brain area detection by using hyperpolarized 6Li

(34)

, 21 times

enhancement from DNP process will significantly improve the accuracy of clinical tests
when using Li.
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Figure 2.11: (a) before and after filtering out the HYPR-beads from sample solution with
using (b) apparatus made by 0.22µm filter and syringe.

Clinical application is one of the development trends for DNP technology,
especially in water solution. Due to the potential risk of nanobeads stayed in sample
solution, HYPR-beads must be removed before running any clinical DNP experiments. We
make an apparatus as a filter combine with syringe together to filter out the HYPR-Beads
from the hyperpolarized sample solution. In Figure 2.11(a), left tube with yellow color
sample is before filtering with HYPR-beads inside, once we filter the sample by using 0.22
µm filter with syringe to push the sample flow through the filter, HYPR-beads then stayed
in the filter, cause the removal of yellow color as can be seen in the left tube, solution now
has hyperpolarized sample nuclei only without HYPR-beads.
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Figure 2.12: Build up curves for samples (a) 20 nm HYPR-beads in deuterium water with
toluene and without toluene, (b) 20 nm HYPR-beads without toluene in regular and
deuterium water solution, (c) 20 nm HYPR-beads in non-deuterium water with toluene and
without toluene.

Selection of water or deuterium water solution and the addition of toluene in
procedure is also been assessed. From the buildup curves of Figure 2.12, D2O solution
sample had a much higher signal intensity when compare with sample use regular water.
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In general, toluene is used to dissolve BDPA first and then mix them into nanoparticle
suspension, when get rid of toluene and directly add solid state BDPA into nanoparticles,
these without toluene samples showed a much higher signal intensity.

2.4 Conclusions

In this work, we have performed a new way

(35)

of using nanoparticles with free

radicals inside as a type of revised polarizing agent to eliminate the signal loss of no
glassing solvent in DNP samples. The suspension of this HighlY-effective
Polymer/Radical beads (HYPR-beads) were stable and can transfer unpaired electron
polarization to nuclei close to them to achieve reasonable DNP enhancement factors. This
HYPR-beads are a replacement to the former ox-063 radical, and hyperpolarizing samples
without the addition of glassing solvent make it has a huge advantage to test biological
samples which can only stay in aqueous environment. Future works will focus on
increasing hyperpolarization and enhancement factor of HYPR-beads through DNP
experiment, impact of radicals and type of nanobeads will be discussed and revised DNP
process has to be settled to increase the hyperpolarization during the whole DNP process.
Application of HYPR-beads with biochemistry / environment experiment is also
considerable.
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CHAPTER THREE

III. PROBING AMINO ACID INTERACTION ON POLYSTYRENE NANOPARTICLE
SURFACE BY USING SATURATION TRANSFER DIFFERENCE (STD)-NMR

3.1 Introduction
Understanding the interaction between biomolecules and nanoparticle surface is
very important nowadays. With the development of modern medical science, nanoparticle
has presented its proficiency in many medical application fields such as drug delivery, biosensor and diagnostics

(1)-(3)

. There are many chances for nanoparticle to interact with

biomolecules. During the drug designing process, nanoparticles with desired properties can
be modified by using peptides and proteins

(4), (5)

. Once in drug delivery process,

nanoparticles that are entered into human bodies will be coated by proteins or other
biomolecules existed inside the blood stream and target organs

(6)-(8)

. Since biomolecular

interactions are common in the nanoparticle-based medicines, one remaining question that
arises is the binding behaviors of biomolecules on the surface of nanoparticles. Amino acid,
as the building block of peptides and proteins, will be a good starting point for the detection.
A better understanding of amino acids interacting with nanoparticles will give us more
knowledge about the interactions between nanoparticles and peptides or proteins.
Previous researches have been done on amino acids with nanoparticle interaction.
Pušnik et al.

(9)

studied the interaction of amino acids aspartic acid and lysine onto iron-

oxide nanoparticles using ξ-potential with High Performance Liquid Chromatography
(HPLC), and stated that both aspartic acid and lysine have very high surface concentration
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on nanoparticles. Onorato et al. (10) studied the adsorption of amino acid phenylalanine and
dipeptides on the hydrophobic polystyrene interface by using vibrational sum frequency
generation (SFG) and quartz crystal microbalance (QCM). They found that hydrophobic
effect is the important factor in phenylalanine adsorption. Shao et al.

(11)

investigated the

simulation study of amino acids interacting preferences on gold nanoparticle, and they
suggested that amino acid molecules have binding preference on different size of
nanoparticles. Many of current studies focused on the whole molecules’ interaction, details
about the amino acid molecular conformation change under the binding circumstance still
hided. Furthermore, sample preparation and experimental results analysis in some of
researches are complicated due to the analytical method selection. Hence, an easy,
convenient method that can detect the molecular structure details of amino acid with
nanoparticle interaction is required.
NMR is the powerful technique in chemical structure determination and has been
applied in examining molecules that are non-covalently interact with nanoparticle surfaces
(12)-(15)

. Saturation Transfer Difference (STD)-NMR is a useful tool for detecting

noncovalent binding between proteins and small drugs (16)-(20). Besides its efficiency, STDNMR obtained results that is intuitive and sample preparation process is also simple to
handle. Recent researches suggested that STD-NMR can not only detect the binding
strength between a ligand and receptor, but it can also be used to detect the binding epitope
of small molecules that are adsorbed on the surface of nanoparticles in situ. Our previous
work has shown the feasibility of using STD-NMR to examine the interaction between
polystyrene (PS) nanoparticles and small molecules such as isopropanol (21).
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There are three spectra under discussion in every STD-NMR experiment: “Onresonance” spectrum, “Off-resonance” spectrum and difference spectrum. The onresonance spectrum is achieved by saturating a region of the NMR spectrum in where the
receptor molecular protons are expected to resonate, even though receptor protons may not
be observed due to the slow tumbling in solution. In this spectrum, transferred saturation
from receptor molecules will be received by bound ligand molecules, and will later be
observed once they dissociate from the receptor and return back to sample solution. To
minimize the negative effect from saturation directly applied to ligands, a proper onresonance saturation frequency must be chosen so that it is right in the receptor resonance
but far away from any of the ligand resonances. The off-resonance spectrum is from a
reference experiment in which saturation frequency is chosen to be far from both receptor
resonance and ligand resonance. From the on and off resonance spectra, ligand which does
not bind to the surface of receptor will not receive saturation transferred from receptor and
will have same signal intensity in both on-resonance spectrum and off-resonance spectrum.
STD differences spectrum is the main indicator which arises from a subtracting of onresonance spectrum from off-resonance spectrum. Ligands do not bind to the receptor will
show no peak in this spectrum, and only those ligands which can bind to the receptor will
have signal peaks from STD-NMR differences spectrum.
Since STD-NMR is a ligand-receptor detection technique, it has been widely used
in ligand-protein interaction detections, in which protein works as the target receptor

(16),

(17), (22)-(35)

. Besides protein, STD-NMR has also been used to examine the interaction

between ligand and larger receptors such as RNA (36) and metal-organic-framework catalyst
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(37)

. Based on its method of ligand detection, it will also be an ideal technique for studying

the binding with even larger size receptor such as nanoparticles. Previous STD-NMR result
in Titanium-binding peptide binding with titanium nanoparticle has shown its applicable
to nanoparticle-scale receptor (38). Since spin diffusion through dipolar-coupled network of
proton spins in the receptor is the key factor in STD technique, theoretically, any organic
nanoparticle containing a dipolar-coupled network of protons should have the possibility
that suit to use STD-NMR techniques (39). To investigate the possibility of applying STDNMR experiment onto organic nanoparticles, here we choose polystyrene (PS)
nanoparticles as the receptor. By adding small compounds into nanoparticle suspensions,
the strength of interaction between small molecules and the surface of PS nanoparticle will
be detected.
In the present work, we began to examine the adsorption of amino acids on the
surface of PS nanoparticles by using STD-NMR. We first compared the binding strength
of all 20 natural amino acids systematically, including amino acids with different functional
group, as well as short and long side chains. Second, we elucidated the molecular-level
details about the structure of amino acids when interacting with PS nanoparticles, by
comparing the STD initial slope on hydrogen atoms on different parts of the amino acid.
Third, due to the curvature influence of PS nanoparticle interaction, we investigated the
adsorption preferences in both 20-nm and 100-nm sizes of PS nanoparticles. This work
will be an important step in explaining interactions between nanoparticles and peptides or
proteins.
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Figure 3.1: Chemical structures of eight amino acids with positive STD signals.

3.2 Methods and Materials

All chemicals and solvents were purchased from commercial supplies and were
used without further purification. Carboxylate-modified polystyrene (PS) nanoparticles
with diameters of 20-nm and 100-nm were purchased from Thermo Fisher Scientific
(Waltham, MA, USA). Natural amino acids including L-glycine (99%), L-alanine (99.5%),
L-serine (99%), L-threonine (98%), L-cysteine (98%), L-valine (98%), L-leucine (99.5%),
L-isoleucine (98%), L-methionine (98%), L-proline (99%), D-phenylalanine (98%), Ltyrosine (98%), L-tryptophan (98%), L-aspartic acid (98%), L-glutamic acid (99%), Lasparagine (98%), L-glutamine (99%), L-histidine (99%), L-lysine (98%), L-arginine
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(98%) were obtained from Sigma-Aldrich (St. Louis, MO, USA) Deuterium oxide (99.8%
D) was supplied from Fisher Scientific (Hampton, NH, USA).
Samples were prepared by mixing 4% w/v PS nanoparticles in H2O suspension into
each of amino acid with D2O solution. 20 amino acids with nanoparticle suspension
samples were prepared separately, and the concentration of amino acids were chosen from
35mM to 100mM based on the solubility of amino acids in D2O. The final concentration
of PS nanoparticles in sample solutions were kept as 0.49 µM for 20-nm size nanoparticle
and 4.9 nM for 100-nm size nanoparticles, Control samples for same amount of amino
acids in D2O solution without PS nanoparticle addition but with same volume of H2O were
also prepared.
All NMR experiments were obtained on a Bruker AVANCE 500 MHz spectrometer
with a 5mm BBO ATM probe. STD-NMR measurements were made by using “stddiff”
pulse sequence from Bruker pulse sequence library, without extra water suppression. A
train of Gaussian-shaped pulses with 50ms saturation length and 0.79mW power was
chosen for saturation process. STD-NMR spectra were acquired with 10 ppm spectral
width, 1s acquisition time, 20s relaxation delay time, 12.7 receiver gain, 64 number of
scans, and the total saturation pulse time ranged from 0.1s to the longest 15s. On-resonance
irradiation of PS nanoparticles was applied at 12 ppm and off-resonance irradiation was
performed at 40 ppm. All NMR data were processed using the Bruker TOPSPIN software
(version 2.1 and 3.5).

3.3 Results and Discussion
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3.3.1 Screening of all 20 amino acids binding affinities on PS nanoparticle
All amino acids in samples are exposed to the PS nanoparticle suspension, which
allow them to have chance interacting with the surface of PS nanoparticles. In order to
determine their interaction affinities, STD-NMR experiments were performed over all
amino acids with PS nanoparticle samples under the same experimental parameters:
number of scans is 64, saturation time is 15s, relaxation delay is 20s, concentration of
amino acids is 35mM for tryptophan (based on the solubility of tryptophan) and 100mM
for others. The overview of the maximum values of STD effect in 20 amino acids from
STD-NMR experiments were collected in Table 3.1. Here STD effect is the ratio of STD
difference peak intensity (ISTD) over STD reference peak intensity (I0), as shown in
equation 3.1:
STD effect =

𝐼𝑆𝑇𝐷
𝐼0

Table 3.1. Maximum STD Effect Values for Amino Acids
with 20-nm PS Nanoparticles
Name
Max. STD
Name
Max. STD
Effect
Effect
Glycine
Phenylalanine 0.166(±0.0011)
Alanine
Tyrosine
-a
Serine
Tryptophan 0.535(±0.0202)b
Threonine
Aspartic Acid
Cysteine
Glutamic
Acid
Valine
Asparagine
Leucine
0.021(±0.0007)
Glutamine
Isoleucine 0.023(±0.0010)
Histidine
0.276(±0.0027)
Methionine 0.026(±0.0003)
Lysine
0.015(±0.0003)
Proline
Arginine
0.073(±0.0034)
-: No clear STD signals
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(3.1)

a: No clear NMR signals because of low tyrosine solubility in D2O
b: The concentration of tryptophan is 35mM, other amino acids listed are 100mM

Higher STD effect reflects to stronger interaction between amino acid molecules
and PS nanoparticle. Within all 20 natural amino acids, 8 of them have well-observed STD
signals from STD differences spectra, show their binding facts on the surface of PS
nanoparticles. Under the same concentration of amino acid and same experiment
procedure, the other 11 amino acids have no visible STD signals. Even though higher
concentration as well as larger number of scans may extend their STD signals to be seen,
when compare STD signals at the same experiment circumstance, no STD signals indicate
the weak binding abilities between these 11 amino acids with PS nanoparticles.

For 8

amino acids with positive STD signals, the maximum STD effect values for amino acids
were collected from one picked proton in which has the largest maximum STD effect.
Amino acids such as phenylalanine, tryptophan and histidine have STD effect values 0.166,
0.535 and 0.276, which are relative higher than other amino acids. For leucine, isoleucine,
methionine, lysine and arginine, they all have lower maximum STD effect, which are
0.021, 0.023, 0.026, 0.015 and 0.073. Since all amino acids have the same backbones but
with different STD experimental results, it’s clear that side chains will affect amino acids
binding preference and this differential interaction phenomenon may due to their specific
molecular structures and binding geometry.
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3.3.2 STD-NMR in amino acids with aromatic rings

Through 8 amino acids with positive STD-NMR signals, phenylalanine, tryptophan
and histidine has shown their larger STD effect among others. The reasons that caused
stronger interaction within these three amino acids with PS nanoparticle need further
detection. By using STD-NMR spectra, STD effect build-up curves, as well as pinpointing
STD signal intensities from every hydrogen in amino acid structure, more details beneath
interaction ability can be revealed both qualitatively and quantitatively.

Figure 3.2: (a) STD reference spectrum (blue) and (b) STD difference spectrum (red) of
phenylalanine in the presence of 20-nm carboxylate-modified polystyrene nanoparticles;
(c) STD difference spectrum (black) of phenylalanine alone in water solution.
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Figure 3.3: (a) STD reference spectrum (blue) and (b) STD difference spectrum (red) of
tryptophan in the presence of 20-nm carboxylate-modified polystyrene nanoparticles; (c)
STD difference spectrum (black) of tryptophan alone in solution.
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Figure 3.4: (a) STD reference spectrum (blue) and (b) STD difference spectrum (red) of
histidine in the presence of 20-nm carboxylate-modified polystyrene nanoparticles; (c)
STD difference spectrum (black) of histidine alone in solution.

The STD-NMR spectra of phenylalanine, tryptophan and histidine interacting with
20-nm PS nanoparticles are shown in Figure 3.2 to 3.4. Blue lines represent off-resonance
spectra in which nanoparticles were irradiated at 40 ppm, off-resonance spectra can be
considered as regular 1H NMR spectra due to their farther irradiation. Red lines represent
STD difference spectra which is the subtraction of off-resonance and on-resonance spectra
in which nanoparticles were irradiated at 12ppm. Black lines are STD difference spectra
for control test use, from amino acid alone samples without the addition of nanoparticle
and also under 12 ppm irradiation. All three of aromatic amino acids with PS nanoparticles
show STD signals from difference spectra, indicate their interaction with PS nanoparticle
surface. Based on the fact that all peaks from off-resonance spectra can also be seen at
difference-spectra but with lower signal intensities, interacted amino acid molecule has
received the saturation from PS nanoparticles and spread to all protons. At the same time,
there are no signals from amino acid only samples. This means saturation happened in the
nanoparticle first, and then transferred through spin diffusion onto bound amino acids
molecules. No nanoparticle presences mean no saturation transfer, which can be revealed
from no signals in STD differences spectra for amino acid only samples.
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Figure 3.5: (a) STD effect build-up curves for phenylalanine peaks in the presence of 20nm polystyrene nanoparticles and (b) the structure of phenylalanine labeled with initial
slope (%) in each peak.

STD-NMR can not only present interaction between amino acids and PS
nanoparticles qualitatively, it can also be used quantitively. By comparing the maximum
STD effect values and relatively initial slopes of each proton in amino acid, which part of
amino acid molecules are interacting closer can be detected. Saturation transfer will happen
first onto those protons are in close contact with nanoparticle surface, and then spread to
any farther protons in the same molecule through the molecule backbone. Since the larger
saturation will be received by protons which are closer enough to the nanoparticle surface,
this saturation process will cause higher STD effect and initial slope values in them. On
the other hand, protons that are relatively farther will receive less saturation transfer under
the same saturation time and thus have smaller STD effect and initial slope values.
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Figure 3.5 shows this different within phenylalanine molecule structure, and STD
build up curves for STD effect as a function of saturation time was depicted. In Figure
3.5(a), STD buildup curves were fit to the equation 3.2:

STD effect = max. STD effect × (1 − 𝑒 −𝑘𝑡 )

(3.2)

Here, t is the saturation time, k is buildup time constant. With the increment of
saturation time, protons from phenylalanine received more saturation from PS
nanoparticle, and achieve the maximum STD effect in the end at dynamic equilibrium
situation. Some protons which are closer to the surface of nanoparticles get saturation faster
than others, they can also achieve higher STD effect than other protons. Based on the STD
effect build-up curves of phenylalanine, protons Hδ, Hε, Hζ, which are from the aromatic
ring of phenylalanine molecule, display the largest maximum STD effect as 0.166. Hβ as
another proton in the side chain, get 0.044 max. STD effect, Hα from backbones of
phenylalanine molecule has the max. STD effect 0.067. Both Hβ and Hα have smaller max.
STD effects than aromatic protons.
Another type of results that can explain the interaction affinities is initial slope.
Angulo et al. (25), (40) has reported this relatively accurate method by using initial slopes
when saturation time is very short, close to zero. Initial slope represents the slope of STD
effect build-up curve when saturation time is 0, and it can be detected by using exponential
equation fitted STD effect build-up curve and taking the derivative at time = 0. When at
time t = 0, STD initial slope value is max. STD effect × 𝑘𝑒 0 = max. STD effect × 𝑘.
Simply speaking, the value of initial slope can be calculated by multiplying max. STD
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effect with buildup time constant k in each proton build up curves, as shown in equation
3.3.
STD initial slope = max. STD effect × 𝑘𝑒 0 = max. STD effect × 𝑘

(3.3)

Figure 3.5(b) shows the chemical structure of phenylalanine labeled with relative
initial slope from every STD effect build-up curve in phenylalanine-nanoparticle
interaction. Protons from aromatic range get the highest initial slope 0.081s-1, which can
be considered as 100% initial slope, followed by proton Hβ which has 67% initial slope,
and Hα has the lowest initial slope 32%. Phenylalanine results from both maximum STD
effect and initial slope have indicated that protons from aromatic ring of phenylalanine
received stronger saturation from PS nanoparticle, which indicate their closer space
position on PS nanoparticle surface than other protons in both sidechain and backbone.
Aromatic rings in phenylalanine structure may play an important role in phenylalanine-PS
nanoparticle interactions.
Both maximum STD effect and initial slope of STD effect build-up curve are
effective in detecting saturation transfer and binding abilities between ligand molecules
and receptor. But previous research (20), (25), (40) has shown that the saturation of bound ligand
protons can be offset by their longitudinal relaxation time T1 in non-binding free ligand
molecules. Moreover, longer saturation time may offer enough time for the formation of
ligand re-binding during the saturation process, which affect the real STD effect

(40)

.

Therefore, longer saturation time will cause the severe T1 bias, and shorter saturation time
will then be more accurate in ligand-receptor binding evaluation. Initial slope, as the slope
of the STD effect build-up curve at saturation time zero, can eliminate the negative effect
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in long saturation time. Hence, initial slope is a more accurate evaluation parameter than
maximum STD effect and will be discussed in the rest of chapter 3.

Figure 3.6: (a) STD effect build-up curves for tryptophan peaks in the presence of 20-nm
polystyrene nanoparticles and (b) the structure of tryptophan labeled with initial slope (%)
in each peak.

Another amino acid contains aromatic ring is tryptophan. Figure 3.6 presents the
STD effect build-up curves for protons in tryptophan molecule and the chemical structure
of tryptophan with the percent of initial slope labeled. From the relative percent of initial
slope, aromatic proton Hε2 has the highest value and set as 100% (Figure 3.6(b)). Other
protons from aromatic region such as Hδ1, Hη, Hζ2, are overlapped and cannot get detailed
initial slope for each one of them, but their total initial slope percent value is 94%. From
above, aromatic protons have larger initial slope values than other two protons in the
backbone of tryptophan molecules, which has 50% and 42% separately. Larger initial slope
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in aromatic ring indicates that it is the place has the closet interaction on PS nanoparticle
surface among all tryptophan molecule structure.

Figure 3.7: (a) STD effect build-up curves for histidine peaks in the presence of 20-nm
polystyrene nanoparticles and (b) the structure of histidine labeled with initial slope (%) in
each peak.

Build-up curves of STD effect and initial slope of each protons in histidine can be
seen in Figure 3.7. Histidine also have the same trend as phenylalanine and tryptophan did.
Protons Hε is from aromatic range and has largest initial slope values 0.061s-1 and was
recorded as 100% in Figure 3.7(b). Proton Hβ is from sidechain closer to backbone and Hα
is from backbone of histidine, their initial slopes are 0.040s-1 and 0.028 s-1, smaller than
Hε. STD-NMR results in histidine also show the similar trend that aromatic ring is the part
in histidine that get closest to PS nanoparticle surface and reached larger saturation
transferred from PS nanoparticle.
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Table 3.2. Maximum STD Effect, Initial Slope and Percentage of Initial Slope of
Phenylalanine, Tryptophan and Histidine. Data Obtained from the STD Buildup
Curves with Least Square Fitting
20-nm PS nanoparticle
100-nm PS
nanoparticle
Max.
Init.
Init.
Initial
Initial
Name
Protons
STD
Slope
Slope
Slope (s-1)
Slope (s-1)
Effect
(%)
(%)
Hα
0.067
0.026
32
0.035
61
Phenylalanine
Hβ
0.044
0.054
67
0.042
74
Hδ, Hε, Hζ
0.166
0.081
100
0.057
100
Hα
0.529
0.239
42
0.126
45
Hβ
0.353
0.287
50
0.121
43
Hδ
,
Hη,
Hζ
1
2
Tryptophan
0.505
0.538
94
0.236
84
Hε2
0.535
0.575
100
0.280
100
Hζ1
0.456
0.484
84
0.227
81
Hα
0.054
0.028
46
0.053
50
Hβ
0.037
0.040
66
0.060
57
Histidine
Hδ
0.146
0.036
59
0.078
74
Hε
0.276
0.061
100
0.105
100

STD-NMR experiment results for phenylalanine, tryptophan and histidine are listed
in Table 3.2, including maximum STD effect, initial slope, and percentage of initial slope.
Within all 3 of amino acids, protons from aromatic range always reach the highest initial
slope, as well as proton from α-carbon in backbones get the lowest initial slope. These
common points lead to the conclusion that functional group from sidechains in amino acids
will improve the interaction affinities better. Plus, since there are 12 amino acids have no
STD signal observed, it’s very likely that backbone has little effect on amino acid-PS
nanoparticle interaction. Furthermore, as the same functional group that all 3 of amino
acids have, aromatic rings contribute to the stronger amino acid-PS nanoparticle
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interaction. These observations can be further supported from STD-NMR results in other
5 amino acids: leucine, isoleucine, methionine, lysine and arginine.

3.3.3 Other 5 amino acids without aromatic rings

Figure 3.8: STD effect build-up curves for (a) leucine, (b) isoleucine, (c) methionine, (d)
lysine and (e) arginine in the presence of 20-nm polystyrene nanoparticles.

Three amino acids with aromatic rings have been discussed above. The other 5,
even though with same backbones, show different interaction affinities and thus different
STD-NMR results. These differences may come from their longer side chain length,
functional group and binding geometry. Figure 3.8 depicts the STD effect build-up curves
as a function of saturation time for leucine, isoleucine, methionine, lysine and arginine.
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Within these five amino acids, all of them can build up to the maximum STD effect within
15 seconds, show their binding equilibrium achieved less than 15s. Besides methionine
which needs 15s to reach the maximum STD effect value, leucine, isoleucine and lysine
require around 4s to get their maximum STD value, arginine can even reach the maximum
value at a shorter time, around 2s, show its faster interaction ability. When compare their
STD effects, all of protons have values below 0.073, much lower than three amino acids
with aromatic rings (0.166, 0.535 and 0.276). Table 3.3 demonstrates the maximum STD
effect, initial slope and percent of initial slope values for leucine, isoleucine, methionine,
lysine and arginine. Within all these amino acids, protons from side chains are always reach
the highest initial slope, and protons from α-carbon in backbones are always get the lowest
initial slope. But there is no obvious difference between side chain protons and backbone
protons, and this may come from the fact that all protons in these 5 amino acids have
relative low STD effect.

Table 3.3. Maximum STD Effect, Initial Slope and Percentage of Initial
Slope of Leucine, Isoleucine, Methionine, Lysine and Arginine. Data
Obtained from the STD Buildup Curves with Least Square Fitting
Name
Protons
Max. STD
Initial Slope (sInitial Slope
1
Effect
)
(%)
Hα
0.020
0.010
50
Leucine
Hβ, Hγ
0.018
0.013
65
Hδ
0.021
0.020
100
Hα
0.015
0.007
35
Hβ
0.020
0.009
45
Isoleucine
Hγ1
0.017
0.020
100
Hγ2
0.010
0.010
50
Hδ
0.023
0.015
75
Hα
0.016
0.006
60
Methionine
Hβ, Hδ
0.026
0.010
100
Hγ
0.011
0.009
90
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Lysine

Arginine

Hα
Hβ, Hδ
Hγ
Hε
Hα
Hβ, Hγ
Hδ

0.013
0.008
0.006
0.015
0.041
0.032
0.073

0.006
0.010
0.008
0.013
0.032
0.034
0.073

46
77
62
100
44
47
100

3.3.4 Interaction over 100-nm size PS nanoparticles

Figure 3.9: STD Effect build-up curves for (a) phenylalanine, (b) tryptophan and (c)
histidine in the presence of 100-nm polystyrene nanoparticles.

The size of nanoparticle will affect drug delivery method and process, different size
of PS nanoparticle may perform differently when binding with biological molecules,
including amino acids, peptides and proteins. To detect the binding preference of amino
acid molecules with other larger size PS nanoparticles, amino acids phenylalanine,
tryptophan and histidine was applied to 100-nm PS nanoparticles, since they have observed
clear STD effect and initial slope values in the measurement with 20-nm PS nanoparticles.
Figure 3.9 shows the STD effect build-up curves for phenylalanine, tryptophan and
histidine. Build-up curve of Hδ, Hε, Hζ from aromatic region of phenylalanine get a higher
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initial slope (0.057s-1) than other proton curves (see table 3.2). Hε2 build-up curve from
aromatic region of tryptophan also get relative higher initial slope (0.280s-1) than protons
not from aromatic rings. Hε in the aromatic region of histidine also show the highest initial
slope (0.105s-1) among other protons in histidine. Stronger STD signals from aromatic ring
protons indicate their faster saturation transfer from receptor and thus have closest distance
with 100-nm PS nanoparticle surface. Due to the fact that aromatic region protons are
closest in 20-nm PS nanoparticle surface, when applying amino acids with aromatic rings
such as phenylalanine, tryptophan and histidine onto 100-nm PS nanoparticles, amino acid
molecules show the same trend in larger size nanoparticles. The binding preference of
aromatic rings kept the same in both size of PS nanoparticles, which further support the
fact that aromatic ring will improve the interaction affinities between amino acids and PS
nanoparticles.

3.4 Conclusions

We have studied the interaction of 20 amino acids on the PS nanoparticle surface
by using STD-NMR. From the amino acid molecular signals in STD-NMR difference
spectra, phenylalanine, tryptophan, histidine, leucine, isoleucine, methionine, lysine and
arginine show positive STD signals and STD effect values, indicate that these eight amino
acids interact with PS nanoparticle. From the higher initial slope for protons in aromatic
region, we conclude that aromatic rings in side chains of amino acids interact closest to the
nanoparticle surface. π-π stacking of aromatic rings will significantly increase the
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interaction affinity, affect adsorbed structure, and therefore the STD results. When
comparing STD experiment results from phenylalanine, tryptophan and histidine on both
20-nm and 100-nm PS nanoparticles, similar results in percent of initial slope further
indicate the stronger binding preferences of aromatic rings. Using STD-NMR, the results
we have determined are important in understanding interaction between amino acids and
polymer nanoparticles. Due to its easy-establishment and detailed bound molecular
structure elucidation, STD-NMR can also be useful to other small molecules with
nanoparticles interaction such as dyes, drugs and peptides. Following what has been
discussed here, one of the example about STD-NMR working in dye-nanoparticle
interaction will be discussed in the next chapter.
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CHAPTER FOUR

IV. INTERACTION BETWEEN CYANINE DYE IR-783 AND POLYSTYRENE
NANOPARTICLES IN SOLUTION

4.1 Introduction

The use of nanoparticles in medicine is a thriving field. Previous uses of
nanomaterials in medicine include but are not limited to drug delivery (1), gene therapy (2),
imaging and diagnostics (3)-(7). Various methods have explored the small molecule binding
affinities on the surface of nanoparticles

(8)

. Infrared spectroscopy (IR) has been used to

identify functional groups attached on the surface of nanoparticles

(9)-(11)

, but cannot

accurately quantify the surface attaching functional groups. Hydrogen/deuterium
exchange-mass spectroscopy has been employed on the binding interface of gold
nanoparticles with proteins

(12)

but need delicate protein preparation work and technical

requirement. Other techniques such as Isothermal titration calorimetry (ITC)

(13),(14)

,

fluorescence correlation spectroscopy (FCS) (15)-(17), differential centrifugal sedimentation
(DCS) and DLS (18) also have been supplied to nanoparticle surface binding detection. In
most of previous work, there is still dearth of dynamic information of small molecules
binding with nanoparticles, the conformational change of molecular structure during the
interaction process is still scarce. Hence, more studies should be devoted to the binding
structure of small molecules when attaching to the nanoparticle surfaces.

84

NMR is the most versatile tool for determining molecular structure. NMR studies
have been used to examine the noncovalent binding between nanoparticle surfaces and
small molecules

(19)-(32)

. Previously, we have used STD-NMR to examine the binding for

small molecules such as isopropanol

(33)

and amino acids with the surface of polystyrene

nanoparticles. STD-NMR (34)-(36) is a ligand-detected technique that has been widely used
to detect small molecule ligands binding to protein receptors (37)-(55); in the last chapter, we
showed that this technique can be used to detect small molecules that bind to the surface
of polystyrene nanoparticles such as amino acids. With some modifications, the STD-NMR
technique has the potential to be used to screen nanoparticle surface interaction process for
molecules with more complicated structures such as peptides. By comparing the relative
STD effect for nuclei in different part of smaller ligand structure, information about the
structure of ligands that are adsorbed on a larger receptor surface can be determined as well
(34), (35)

. As a further step in developing the STD-NMR technique for small to medium size

molecules-nanoparticle interaction, here we examine the binding between polystyrene
nanoparticle surface and a larger, more complicated molecule, near-infrared dye IR-783.
IR-783 is a type of infrared dye which has strong absorbance at 783nm, and its longer chain
structure may have conformational change during the interaction.
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Figure 4.1: Chemical structure of near-infrared dye IR-783 with proton NMR peak
assignments. Reproduced from Ref. 66 with permission from The John Wiley and Sons.

Near-infrared cyanine dyes are important in nanomedicine because of their
fluorescent properties and corresponding applications in medical imaging. Heptamethine
cyanine dyes have been used to selectively detect live circulating tumor cells in prostate
cancer patients

(56)-(59)

. The selectivity of uptake of heptamethine cyanine dyes into live

tumor cells rather than apoptotic cell debris is due to the requirement for a functional
organic anion transporter

(58)

. Dyes that fluoresce in the near-infrared region (NIR dyes)

are ideal for in vivo medical imaging, since the NIR region affords better tissue penetration,
less scattering and autofluorescence than the visible region (60). Cyanine dyes are ideal for
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applications in medical imaging as they do not contain toxic heavy metals, are water
soluble, and are available from a variety of natural and synthetic (61) sources.
The noncovalent interaction between near-infrared dye such as IR-783 and
polystyrene nanoparticles is also important in the development of dual-use imaging probes.
A recent study

(62)

has shown that gold nanoparticles functionalized with a mesoporous

silica shell can be used to trap IR-783 molecules. The trapped nanoparticles have been used
as X-ray computed tomography and fluorescence dual use contrast agents. In this research
study, the noncovalent binding with in IR-783 and mesoporous silica coating of
nanoparticle is the main forces for keeping the interaction. Therefore, studying the
noncovalent interactions within IR-783 and nanoparticle surfaces will be important for the
advanced use of nanoparticles in medical imaging.
In this present study, we have employed both 1H and STD NMR to investigate the
binding process of carboxylate-modified polystyrene (PS) nanoparticles with IR-783. The
possible binding mechanism of IR-783 with PS nanoparticles has been demonstrated. IR783 chosen here was used as a model compound because of its larger and flexible molecular
structure, as well as its applications in fluorescence imaging. Extending from chapter 3, the
work presented here is the following research of STD-NMR detection in noncovalent
interactions between nanoparticle surfaces and small-to-medium sized molecules, and give
us useful information towards the next step, detecting the interaction of nanoparticles with
peptides.

4.2 Materials and methods
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Carboxylated PS nanoparticles with manufacturer-reported sizes of 20-nm, 40-nm
and 100-nm were purchased from Thermo Fisher Scientific (Waltham, MA, USA). Dye
IR-783,

2-(2-(2-Chloro-3-(2-(1,3-dihydro-3,3-dimethyl-1-(4-sulfobutyl)-2H-indol-2-

ylidene)-ethylidene)-1-cyclohexen-1-yl)-ethenyl)-3,3-dimethyl-1-(4-sulfobutyl)-3Hindolium hydroxide (90% dye content) was supplied from Sigma-Aldrich (St. Louis, MO,
USA). Deuterium oxide (99.8% D) was obtained from Fisher Scientific (Hampton, NH,
USA). Millipore Milli-Q purified water was used for samples requiring H2O. All chemicals
were used as received without extra purification. Samples were prepared by mixing
appropriate amounts of the nanoparticle suspension with a stock solution of IR-783 in D2O.
The actual sizes of PS nanoparticles were determined from DLS measurements
made on a Brookhaven Instruments Nanobrook Omni particle sizer and zeta potential
analyzer. DLS measurements were made at 298.2 K with a 90-degree scattering angle laser
at 640 nm wavelength, 300s duration time with 200s pre-equilibration time. The viscosity
was 0.890 mPA·s and refractive index of particles was 1.330. DLS experiments were made
in triplicate, and average values were reported with their standard deviation. The actual
average diameters of PS nanoparticles were measured to be 28 ± 1 nm, 42 ± 5 nm and 133
± 2 nm.
All NMR experiments were performed on a Bruker AVANCE 500 MHz
spectrometer with a 5mm automatic tuning and matching BBO probe. 1H NMR spectra
were acquired with a standard single pulse at 296 ± 1 K, with 5000 Hz spectra width, 16
scans, 1 s acquisition time, and 2 s relaxation delay. STD experiments were performed
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using the “stddiffesgp” pulse sequence

(34), (63)

from the Bruker pulse sequence library. A

train of 50-ms Gaussian pulses with 0.8 mW power was used for saturation. STD
experiments were collected with 128 scans, 4 dummy scans, and a 12s relaxation delay.
On-resonance saturation was performed at 12 ppm and off-resonance saturation was
performed at 40 ppm. On-resonance and off-resonance spectra were collected in an
interleaved fashion. Solvent suppression was achieved using the excitation sculpting
sequence (63) for both 1H and STD NMR. All spectra were processed with Bruker TOPSPIN
software (version 2.1 and 3.5).

4.3 Results and discussion

4.3.1 1H NMR of IR-783 and PS nanoparticles

The 1H NMR spectrum of IR-783 is shown in Figure 4.2(a). Since the polystyrene
nanoparticles are large molecules and are therefore tumbling slowly in solution, protons in
the PS nanoparticles are not expected to be observed in solution-state NMR. Similarly,
when IR-783 dye molecules bind strongly to the surface of the PS nanoparticles, they will
be tumbling at the same rate as the large nanoparticles and will also not be observed in
solution-state NMR. When an increasing concentration of PS nanoparticles is added to a
solution of IR-783, a decrease in intensity of the IR-783 proton NMR peaks is observed,
as shown in Figures 4.2 (b-f). Notably, when PS nanoparticles are added to a solution of
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IR-783, a change in chemical shift of IR-783 protons is not observed. Similar trends of IR783 with 40-nm and 100mm nanoparticle can be shown in Figures 4.3 and Figures 4.4.

Figure 4.2: Stacked 1H-NMR spectra for IR-783 with and without 20-nm PS nanoparticles.
Proton peak assignments for IR-783 correspond to those labeled in Figure 1. (a) 5 mM IR783 only. (b)-(f) 5 mM IR-783 in the presence of varying concentration of nanoparticles:
(b) 0.49 µM nanoparticles, (c) 0.99 µM nanoparticles, (d) 1.5 µM nanoparticles, (e) 2.0
µM nanoparticles, (f) 2.5 µM nanoparticles. (g) 2.5 µM nanoparticles in the absence of IR783. Ethanol impurities present in the nanoparticle suspension are indicated with *.
Reproduced from Ref. 66 with permission from the John Wiley and Sons.
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Figure 4.3: Stacked 1H-NMR spectra for IR-783 with and without 40-nm PS nanoparticles:
(a) 5 mM IR-783 only. (b)-(f) 5 mM IR-783 in the presence of varying concentration of
nanoparticles: (b) 160 nM nanoparticles, (c) 320 nM nanoparticles, (d) 490 nM
nanoparticles, (e) 650 nM nanoparticles, (f) 810 nM nanoparticles. Ethanol impurities
present in the nanoparticle suspension are indicated with *. Reproduced from Ref. 66
(Sup.) with permission from the John Wiley and Sons.
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Figure 4.4: Stacked

1

H-NMR spectra for IR-783 with and without 100-nm PS

nanoparticles: (a) 5 mM IR-783 only. (b)-(f) 5 mM IR-783 in the presence of varying
concentration of nanoparticles: (b) 4.9 nM nanoparticles, (c) 9.7 nM nanoparticles, (d) 15
nM nanoparticles, (e) 19 nM nanoparticles, (f) 24 nM nanoparticles. Ethanol impurities
present in the nanoparticle suspension are indicated with *. Reproduced from Ref. 66
(Sup.) with permission from the John Wiley and Sons.

1

H NMR reveals the interaction within small molecules and large nanoparticles, but

the unequally binding abilities from each proton in small molecules, and how small
molecules change their conformation are still need further investigation. STD NMR can
give more detailed information about IR-783 binding with PS nanoparticle systems.

4.3.2 STD NMR of IR-783 and PS nanoparticles
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Figure 4.5 shows the STD-NMR experimental spectra for IR-783 interacting with
PS nanoparticles. Since proton 9 and proton 11 have peaks overlapped with peaks from PS
nanoparticles, which can be seen from Figure 4.2, an STD-NMR experiment for sample
with only the same concentration of PS nanoparticle but without IR-783 was performed as
a control test. By subtracting the reference spectrum of PS nanoparticles only sample from
the reference spectrum of IR-783 with PS nanoparticles sample, the resulting modified
reference spectrum was shown in Figure 4.5(b). This modified reference spectrum allows
us to obtain the accurate peak intensities for proton 9 to proton 11 in reference spectrum,
and thus obtain the accurate STD effect values. From the STD-NMR difference spectrum
for PS nanoparticle alone sample, no STD difference intensity was shown in the IR-783
peaks area at a saturation of 1.8 s, which indicate that in the STD difference spectrum of
IR-783 with nanoparticle sample, peaks at IR-783 area are from IR-783 molecules, not
from PS nanoparticles or other impurities.
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Figure 4.5: Saturation-transfer difference (STD) spectrum of 6 mM IR-783 in the presence
of 0.99 M 20-nm carboxylate-modified polystyrene nanoparticles. (a) STD reference
spectrum; (b) Corrected STD reference spectrum, which is the STD reference spectrum
minus the STD reference spectrum of a sample of nanoparticles alone; and (c) STD
difference spectrum. The inset (d) shows the main area of overlap between IR-783 peaks
and peaks present in the sample of polystyrene beads, necessitating correction to the STD
reference spectrum. In the inset (d), the STD reference spectrum is shown in black, the
corrected STD reference spectrum is shown in blue, and the STD difference spectrum is
shown in red. Off-resonance saturation was performed at 40 ppm, on-resonance saturation
was performed at 12 ppm, and the saturation time was 1.8 s. Reproduced from Ref. 66 with
permission from the John Wiley and Sons.
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The STD buildup curves for IR-783 protons in the presence of 20-nm, 40-nm and
100-nm PS nanoparticles are shown in Figure 4.6. In the STD buildup curve, Y axis is the
value of STD effect for each IR-783 protons. As what was shown in equation 3.1, STD
effect is defined as (35) the intensity of proton peak in the STD difference spectrum (ISTD)
over the intensity of same proton peak in the STD reference spectrum(I0). X axis is the
saturation time. STD buildup curve is a plot of the STD effect for each proton in IR-783 as
a function of saturation time, with the increase of saturation time, protons from IR-783 will
receive more saturation transfer from PS nanoparticles and will build up their STD effect
curves, which can be fit from equation 3.2.
For 20-nm and 40-nm PS nanoparticle interaction, the STD buildup curves shown
in Figure 4.6 (a) and (b) reach their maximum STD effect values at short saturation time
within 2 s. This buildup is much faster than what previous observed for isopropanol in PS
nanoparticle interaction (33). The maximum STD effect can reach at up to 0.45, this value
is closer to amino acids in last chapter, but also higher than isopropanol

(33)

. This faster

buildup and higher maximum STD effect value for IR-783 is expected because of the lower
concentrations applied here. The concentration of IR-783 use here is at millimolar range,
closer to amino acids concentration which mentioned in chapter 3, but much less than
isopropanol concentrations in the molar range

(33)

. There are many factors can affect the

value of STD effect, such as the length of saturation time, the distance between ligand
proton and receptor surface, the binding affinity and residence time of the ligand, the spin
diffusion rate within the receptor and between the ligand and receptor, and the last but not
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least, the relative concentration ratio of ligand and receptor. When the ligand-receptor
system is given, once the ratio of small molecules and large receptor is lower, more ligand
molecules will have the chance to interact with the receptor during the same saturation
time. As a larger fraction of small molecules are able to receive the saturation transferred
from receptor nanoparticles, the ligand peak intensity in STD difference spectrum will
increase relative to the bulk STD reference peak intensity, the larger STD effect value will
then be expected. The faster STD buildup time is also expected when the relative
concentration of ligand is low.

96

97

Figure 4.6: STD buildup curves for each proton peak of IR-783 in the presence of (a) 20nm nanoparticles, (b) 40-nm nanoparticles, and (c) 100-nm nanoparticles. The STD effect
is defined as the ratio of STD difference intensity to STD reference intensity and is plotted
as a function of saturation time. The concentration of IR-783 was 5.8 mM in (a), 4.8 mM
in (b) and 5.5 mM in (c). The concentration of nanoparticles was 0.99 M in (a), 260 nM
in (b), and 13 nM in (c). Reproduced from Ref. 66 with permission from the John Wiley
and Sons.

As mentioned in chapter 3.3.2, besides STD effect, the initial slopes of STD buildup curves when saturation time is 0 can also be employed to evaluate the binding strength
of IR-783 to PS nanoparticles and even more precisely. Briefly speaking, initial slope can
be used to alleviate the negative effect from long saturation time STD measurement

(64),

(65)

. A higher maximum STD effect and faster buildup indicates a larger initial slope value,

which is reasonable when a larger fraction of small molecules interacts with the surface of
nanoparticle. The millimolar ligand concentration we performed in this study is related to
the biological-relevant environment. Therefore, the results present here are important to
indicate that STD-NMR technique can be applied to small-to-medium size moleculesnanoparticle interaction under the real conditions of ligand concentration.
The STD buildup curves can also provide information about binding geometry of
IR-783 on the surface of carboxylate-modified PS nanoparticles, which has been explained
in chapter 3.3.2. The STD effect and initial slope difference between each proton in IR783 molecules can be attributed to the specific conformation of their attached structure
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when interacting with PS nanoparticles. The maximum STD effect and the initial slope
obtained from STD buildup curves are both measured based on the efficiency of saturation
transfer from PS nanoparticle to ligand IR-783 molecules and are therefore related to the
distance from each proton in IR-783 to the surface of PS nanoparticle when they are bound.

63%
Aromatics
93-100%

Aromatics
93-100%

99%
99%

88%

89%

89%

84%

84%
99% 99%
85%

88%

85%
63%

Figure 4.7: STD epitope map for IR-783 binding to 20-nm carboxylate-modified
polystyrene nanoparticles. The initial slope of the STD buildup curve shown in Figure 4.5
(a) was calculated for each proton and was converted to a percent of the highest initial
slope. Values are not shown for protons 10 and 11 (according to the numbering scheme in
Figure 4.1) because NMR signals and STD effects corresponding to these protons could
not be resolved. Reproduced from Ref. 66 with permission from John Wiley and Sons.
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4.4 Conclusions
The chemical structure of IR-783 molecule and the labeled relative initial slope was
shown in Figure 4.7. This relative initial slope was obtained from each well-resolved proton
peaks in the STD-buildup curve for IR-783 binding with 20-nm nanoparticles, and marked
the proton with highest initial slope as 100%, other protons marked as a percent of the
highest initial slope. Several parameters used in fitting the STD buildup curves, which
include the maximum value of STD effect, buildup time constant and initial slope as well
as their errors are listed in Table 4.1 with the order of IR-783 binding with 20-nm, 40-nm
and 100-nm PS nanoparticles. From Figure 4.7, protons on the aromatic ring region have
the highest initial slope, which indicate the closest interaction to the surface of PS
nanoparticle. Most of the other protons in IR-783 have initial slopes of the STD buildup
curve that are at the range of 84% to 99% of the highest initial slope. There is one notable
exception in proton 8, which is located in the place closer to the sulfate group. The sulfate
group is expected to be far from the negatively charged surface of carboxylate-modified
PS nanoparticle once the interaction between IR-783 and PS nanoparticle exists. Proton 10
and 11 cannot be labeled as initial slope percentages due to their overlapping peaks, but
the total initial slope for proton 10 and 11 is only 72% of that of the maximum. This lower
initial slope could indicate that proton 10 is also located in a place closer to sulfate group,
and thus far from the surface of negatively charged PS nanoparticles when binding between
IR-783 and nanoparticle happens. This binding epitope shown in Figure 4.7 demonstrate
that IR-783 protons near the positively charged nitrogen such as protons in aromatic ring,
can interact more strongly with the negatively charged carboxylate-modified PS
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nanoparticle. IR-783 Protons near the negatively charged sulfate group interact weaker
with the negatively charged nanoparticle surface. IR-783 interaction with 40-nm and 100nm PS nanoparticle also have the same binding trend. Protons that are close to nitrogen
positive charges have higher initial slopes and protons closer to sulfate group have lower
initial slope values, as shown in Table 4.1.

Table 4.1: Parameters relevant to STD buildup curves for IR-783 in the presence of 20- ,
40- , and 100-nm polystyrene beads. Reproduced from Ref. 66 (Sup.) with permission from
the John Wiley and Sons.
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IR-783 with 20 nm Polystyrene Beads
Proton Max STD Effect
1
0.44
2,3
0.47
4,5
0.47
6
0.43
7
0.41
8
0.34
9
0.44
10,11
0.36
12
0.42

Error
0.017
0.016
0.016
0.015
0.013
0.015
0.018
0.014
0.012

Proton Max STD Effect
1
0.27
2,3
0.30
4,5
0.31
6
0.26
7
0.25
8
0.20
9
0.26
10,11
0.21
12
0.25

Error
0.010
0.009
0.009
0.008
0.007
0.006
0.009
0.007
0.007

Proton Max STD Effect
1
0.078
2,3
0.084
4,5
0.088
6
0.073
7
0.062
8
0.037
9
0.065
10,11
0.044
12
0.061

k (s-1)
1.85
1.80
1.91
1.76
1.97
1.70
1.76
1.82
2.15

Error
0.18
0.16
0.16
0.15
0.16
0.18
0.18
0.18
0.17

Initial Slope (s-1)
0.81
0.84
0.91
0.76
0.80
0.57
0.77
0.65
0.90

Error
0.084
0.079
0.082
0.069
0.070
0.065
0.085
0.069
0.075

% Initial Slope
89
93
100
84
88
63
85
72
99

Initial Slope (s-1)
0.55
0.57
0.63
0.52
0.50
0.38
0.51
0.43
0.54

Error
0.059
0.050
0.053
0.044
0.041
0.034
0.047
0.038
0.046

% Initial Slope
87
92
100
83
80
60
81
68
87

IR-783 with 100 nm Polystyrene Beads
Error
k (s-1)
Error Initial Slope (s-1)
0.0136
0.90
0.27
0.070
0.0050
0.98
0.10
0.083
0.0057
1.04
0.12
0.092
0.0058
0.94
0.13
0.069
0.0057
1.14
0.20
0.071
0.0012
1.35
0.09
0.050
0.0023
1.14
0.08
0.075
0.0021
1.24
0.12
0.054
0.0027
1.15
0.10
0.070

Error
0.024
0.010
0.012
0.011
0.014
0.004
0.006
0.006
0.007

% Initial Slope
76
90
100
75
77
54
81
59
76

IR-783 with 40 nm Polystyrene Beads
k (s-1)
2.01
1.94
2.04
1.96
1.96
1.92
1.92
2.02
2.17

Error
0.20
0.16
0.16
0.16
0.15
0.16
0.17
0.17
0.17
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Although nanoparticle has been widely introduced to the biomedical application,
once they are injected into physiological environment, the interaction process between
nanoparticle and ligand molecules still need further investigation. In this work

(66)

, we

explored the binding affinities of carboxylate-modified PS nanoparticles with a selective
model molecule: cyanine dye IR-783. Based on the peak intensity difference from 1H
NMR, IR-783 protons with the addition of PS nanoparticles has shown the decrease in peak
integral when compare with spectrum from IR-783 alone sample. The noncovalent
interaction of IR-783 with PS nanoparticles has been confirmed.
STD NMR studies of IR-783 protons revealed that there are preference binding
places for IR-783 when attached to the surface of PS nanoparticles, that is, the positive
charges from nitrogen in the both side of IR-783 molecules. Relative lower STD effect
values of protons around the sulfate group and middle six-membered ring indicated the
farther distance between protons located here and surface of PS nanoparticles. We have
also investigated different diameter of PS nanoparticles for the comparison of their
interaction with IR-783 molecules. STD NMR experiments for 40-nm and 100-nm
nanoparticles have the similar condition as 20-nm nanoparticles did among IR-783 binding
with nanoparticles. The results from STD NMR studies are important in the detection of
binding between IR-783 and nanoparticles, which related to using nanoparticles with
attached dye with the fluorescence properties. STD-NMR results listed here indicate the
potential of this technique in the using of determine the binding epitopes about flexible
small-to -medium size molecules on organic nanoparticles in solution. Many similar size
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molecules such as drugs, other dyes and small peptides at the concentration relevant to
their solubilities can then be examined for the interaction with organic nanoparticles.
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CHAPTER FIVE

V. CONCLUSIONS AND FUTURE WORKS

In chapter 2, we have performed a new way of using PS NPs capsuled free radical
BDPA inside as a type of revised polarizing agent for DNP experiments. These HighlyEffective Polymer/Radical Beads (HYPR-beads) were used to polarize water-soluble
analytes such as 13C-urea and 7LiCl without the addition of glassing solvent like sulfolane,
DMSO, glycerol, or other glassing co-solvent, and thus can eliminate the signal loss of no
glassing solvent in DNP samples. The suspension of this HYPR-beads was stable and can
transfer unpaired electron polarization to nuclei close to them to achieve reasonable DNP
enhancement factors. The enhancement for 13C is 112 and for 7Li is 21, respectively. This
HYPR-beads are a substantial replacement to the former ox-063 radical, hyperpolarizing
samples without the addition of glassing solvent make it has a huge advantage to test
biological samples which can only stay in aqueous environment.
Even though the enhancement factor from HYPR-Beads can reach up to 112 for
13

C, this enhancement is still lower than what was observed previously in dissolution DNP

when using trityl radical, which can reach higher than 10,000-fold enhancement

(1)

.

However, the positive and negative enhancements shown in Figure 2.8 (a) and (b) when
using microwave frequencies at ωe − ωn and ωe + ωn, has indicated that both positive and
negative enhancements are from the DNP effect. The work we presented here is an initial
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study which shows that HYPR-beads is a feasible polarization agent for DNP and will have
further modifications and applications.
Future works will focus on this several parts: increasing hyperpolarization and
enhancement factor of HYPR-beads through DNP experiment, impact of radicals and type
of nanobeads, revised DNP to increase the hyperpolarization during the whole DNP
process.
One of significant concern about DNP is the use of radical. Since the amount of
BDPA in HYPR-Beads can be performed by EPR spectra quantitatively, HYPR-beads with
unequal amount of BDPA can be detected to discuss the influence of BDPA concentration
in HYPR-beads, in general, the higher concentration BDPA have in beads, the more signal
enhancement should get due to the much more spin diffusion transfer from BDPA to nuclei,
more unpaired electron can be used to transfer their polarization to detected sample.
However, since the radical will significantly decrease the relaxation time of sample nuclei
we are interested in, even more nuclei can be polarized, at the same time some of nuclei
that has been polarized might be released to their thermal equilibrium situation before
observation start, and cannot be seen through NMR instrument, which may even result to
a lower enhancement factor when compare with using less BDPA in HYPR-beads. To test
which method will become the dominate role in DNP experiment, a series of samples will
be made with incremental concentration of BDPA, we will start from original 38mM
BDPA in 25µL toluene first and increase the amount for several times to make 76mM,
114mM, 152mM and so on, until no more BDPA can be dissolved into same volume of
toluene and inserted inside the beads. All samples will then be tested at the same condition
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with completely same parameters settled down in DNP instrument, following by small tip
angle pulse sequence to chase the relaxation process until thermal equilibrium.
NPs are such a pivotal factor in HYPR-beads polarization, not because its good
suspension ability in pure water without adding other solvent, but also the multiporous
inner structure and hydrophobic element which can hold free radicals tightly inside its
internal. The way that the polystyrene chains arrange themselves in the bead make the
surface is very hydrophobic in character, leading to these ideal materials for the adsorption
of free radicals stay in solution. Here we have tried polystyrene NPs with carboxylate
modified surface already in our former polarizing beads which has an approximate size
27nm as diameter. Due to the diversity of NPs have different sizes will have significantly
distinct properties

, it’s worth to try other size and type of nanobeads as well to screen

(2)

out of the favorable particles that can be applied into non-glassing solvent nuclear
polarization process. Among polystyrene nanobeads with carboxylate functional group,
several polystyrene latex particles with a wide size range might be examined, start from
the minimum size 27nm, with 40-nm diameter and 0.1μm in the middle of test, end in 1μm
size or even larger beads. Diversity of size will affect the NPs adsorption condition due to
their surface area and swelling ability. Generally speaking, the smaller the beads the larger
surface area and higher swelling, which can contribute to the free radical be absorbed into
nanobeads. Besides polystyrene beads, since using HYPR-beads to polarize functional
groups that are covalently bound to the NP surface, there are several NPs matrix has
functional group on the surface worth a try. Nonionic beads can be detected at first as a
basic control sample since they have nude surface and no functional group present, then
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we can evaluate the useful of amidine latex which has amidine as the only functional group
on the surface. This positive charged amidine nanobeads has a hydrophobic center and
should absorb hydrophobic BDPA effortless, no sensitivity of aggregation effect is also an
important advantage for polarization research needs beads suspension. Aliphatic amine
latex beads which has amine group in the end of aliphatic six carbon arms can also take
into consideration, the surface is also very hydrophobic, making these NPs with high
density of amine groups workable in DNP preparation process.
Revised DNP experiment process are under construction to eliminate some flaws
of former procedure. Within all the polarization routine, transfer between Hypersense DNP
and NMR spectrometry is the crucial section need deliberation. Short relaxation time of
dissolution sample conflict with long transfer time, made many of enhanced signals from
nuclear polarization returned back to thermal equilibrium and therefore missed. To
eliminate the defect of long transfer time, an airflow from device such as pump settled in
the start place of connection tube which can yield push power to thrust liquid sample flows
faster within the tube is worth to add, this airflow can be nitrogen or some other noble gas
so that no chemical reaction will happen during the transfer part. Also based on the
appearance we have been detected, the afloat bubbles stayed in sample solution is another
main reason result in the broadness of signal peak, to alleviate this situation, a filter which
can filter out the bubbles need to add in the middle of connection tube or at least before
sample solution reach the range of NMR.
In chapter 3 and 4, we present the adsorption of small molecules on the surface of
PS NPs by using STD-NMR and 1H NMR. The small molecules we tested in chapter 3 are
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amino acids. We first compare the binding strength of various amino acids, including
amino acids with positively charged, negatively charged, and neutral side chains, as well
as short and long side chains. Amino acids with benzene rings, positive charge and long
side chains are more likely to interact with PS NP surface. Second, we elucidate molecularlevel details about the structure of amino acids when interacting with PS NPs, by
comparing the STD effect on hydrogen atoms on different parts of the amino acid. From
the initial slope results of protons in eight amino acids which show binding with NPs,
protons from aromatic rings present higher values when compare with protons from other
places. Aromatic rings from amino acids interact closest to the NP surface. π-π stacking of
aromatic rings will significantly increase the interaction affinity, affect adsorbed structure,
and therefore the STD results. Both 20-nm and 100-nm PS NPs present similar results in
percent of initial slope and further indicate the stronger binding preferences of aromatic
rings. As the building blocks of peptides and proteins, amino acids can significantly govern
biomolecule properties. A better understanding of amino acids interacting with NPs will
be important in explaining interactions between NPs and peptides.
We explored the binding affinity of carboxylate-modified PS NPs with an infrared
dye molecule IR-783 in chapter 4. By using signal intensity differences from 1H NMR, the
noncovalent interaction of IR-783 with PS NPs has been confirmed. STD NMR studies of
IR-783 protons revealed that the positive charges from nitrogen in the both side of IR-783
molecules are preference binding places for IR-783 when attached to the surface of PS
NPs. Relative lower STD effect values of protons around the sulfate group and middle sixmembered ring indicated the farther distance between protons located here and surface of
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PS NPs. We have also compared the binding affinities from different diameter of PS NPs.
STD NMR experiments for 40-nm and 100-nm NPs have the similar interacting condition
as 20-nm NPs did among IR-783 binding with NPs, protons that are close to nitrogen
positive charges show higher initial slope values and protons closer to sulfate group have
lower values. The results from STD NMR studies are important in the detection of binding
between IR-783 and NPs, which related to using NPs with attached dye with the
fluorescence properties. STD-NMR results about IR-783 listed here indicate the potential
of this technique in the using of determine the binding epitopes about small to medium size
ligand molecules on organic NPs surface in solution. Many similar size molecules such as
drugs, dyes and peptides at the concentration relevant to their solubilities can then be
examined for the interaction with PS NPs.
For the future directions among STD-NMR using for interaction detection on NP
surface, there are many potential works that can attempt. Peptide, as a larger size
biomolecule which is widely exist and acquired in human body, can combine with NPs so
that revise the application of NPs. It’s strongly necessary to detect the interaction between
peptides and surface of NPs. Based on the results from chapter 3 and 4. STD-NMR may
be used to some peptides with smaller molecular weight, such as tri-peptide or pentapeptide. Peptides which include both STD “sensitive” amino acids (eight amino acids from
chapter 3) and “insensitive” amino acids are especially useful for the future development
of STD-NMR in NP interaction. These types of peptides can not only be used to reveal
their special binding conformation on NP surface, but also their STD results can be a strong
verification of amino acids binding preference.
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Since all STD-NMR experiments we presented in this thesis are based on PS NPs,
other NPs should also under consideration. For NPs which are more bio-related to drug
delivery system, they are especially necessary to measure the binding affinity with drug
molecules and peptides. Future STD-NMR experiments can focus on the interaction
between small molecules such as drugs with other organic NPs such as PEG, PLA, PLGA,
which has been mentioned in chapter 1.2 that play a more important role in drug delivery
and other biological areas (3).
Overall, NMR techniques are highly promising for fast and sensitive chemical
structure elucidation on the surface of NPs. NPs, on the other hand, also improve the
development of advanced NMR technology. With further NMR instrumentation
improvements and deeper studies of NMR applications in NPs, we can expect a brighter
future for NMR working in NP areas.
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